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1 In trodu ction
T h e  p ro d u c tio n  of p a r tic le  je ts  a t  h a d ro n  co lliders such  as th e  L a rg e  H a d ro n  C o llid e r 
(L H C ) [1] p ro v id es  a  fe rtile  te s tin g  g ro u n d  fo r th e  th e o ry  d esc rib in g  s tro n g  in te ra c tio n s , 
Q u a n tu m  C h ro m o d y n a m ic s  (Q C D ). In  Q C D , je t  p ro d u c tio n  is in te rp re te d  as th e  frag m en ­
ta t io n  of q u a rk s  a n d  g luo n s p ro d u c e d  in  th e  s c a tte r in g  p rocess follow ed by  th e ir  su b seq u en t 
h a d ro n isa tio n . A t h ig h  tra n sv e rse  m o m e n ta  (p t ) th e  s c a tte r in g  o f p a r to n s  ca n  be  ca lcu ­
la te d  u sin g  p e r tu rb a tiv e  Q C D  (p Q C D ) a n d  e x p e rim e n ta l j e t  m e a su re m e n ts  a re  d ire c tly  
re la te d  to  th e  s c a tte r in g  o f q u a rk s  a n d  g luons. T h e  large  cross sec tio n s for su ch  p rocesses 
allow  for d iffe ren tia l m e a su re m e n ts  in  a  w ide  k in e m a tic  ra n g e  a n d  s tr in g e n t te s t in g  o f th e  
u n d e rly in g  th eo ry .





T h is  an a ly s is  s tu d ie s  ev en ts  w h ere  a t  least fo u r je ts  a re  p ro d u c e d  in  a  h a rd - s c a tte r  
p rocess. T h ese  ev en ts  a re  o f p a r t ic u la r  in te re s t  as th e  co rre sp o n d in g  F e y n m a n  d ia g ra m s 
req u ire  severa l ve rtices  even  a t  le a d in g -o rd e r (I/O ) in  th e  s tro n g  co u p lin g  c o n s ta n t a S . T h e  
c u rre n t s ta te -o f- th e -a r t  th e o re tic a l p re d ic tio n s  for such  p rocesses a re  a t  n e x t- to -le a d in g - 
o rd e r  in  a S (n e x t- to - le a d in g -o rd e r  p e r tu rb a tiv e  Q C D , N I O  p Q C D ) [2 , 3],1 a n d  th e y  have 
re c e n tly  b een  co m b in ed  w ith  p a r to n  show er (P S ) s im u la tio n s  [4]. A n  a l te rn a tiv e  a p p ro a c h  
is ta k e n  by  g e n e ra to rs  w hich  p ro v id e  a  m a tr ix  e lem en t (M E ) for th e  h a rd e s t  2 ^  2 p rocess 
w hile  th e  re s t o f th e  je ts  a re  p ro v id ed  by  a  P S  m odel, w h ich  im p lem en ts  a  re su m m a tio n  of 
th e  le a d in g -lo g a rith m ic  te rm s  (e.g. P y t h i a  8 [5] a n d  H e r w ig + +  [6]). I t  is a lso  in te re s tin g  
to  te s t  m u lti-leg  (i.e., 2 ^  n )  I O  p Q C D  g e n e ra to rs  (e.g . S h e rp a  [7] o r  M a d G ra p h  [8]), 
since th e y  m ay  p ro v id e  a d e q u a te  d e sc rip tio n s  o f th e  d a ta  in  specific k in e m a tic  reg ions an d  
have  th e  a d v a n ta g e  of b e in g  less c o m p u ta tio n a lly  ex p en siv e  th a n  N I O  ca lcu la tio n s .
I t  is in te re s tin g  to  n o te  t h a t  th e  p rev io u s A T IA S  m e a su re m e n t o f m u lti- je t p ro d u c tio n  
a t  y fs  =  7 T eV  [9] in d ic a te s  th a t  p re d ic tio n s  m ay  d iffer from  d a ta  by  ~  30% even  a t 
N I O  [10]. T h is  w ork  ex p lo res  a  v a rie ty  of k in e m a tic  reg im es a n d  to p o lo g ica l d is tr ib u tio n s  
to  te s t  th e  v a lid ity  of Q C D  c a lcu la tio n s , in c lu d in g  th e  P S  a p p ro x im a tio n  a n d  th e  necessity  
o f h ig h e r-o rd e r M E  in  M o n te  C a rlo  (M C ) g e n e ra to rs .
A d d itio n a lly , fo u r-je t ev en ts  re p re se n t a  b a c k g ro u n d  to  m a n y  o th e r  p rocesses a t  h a d ro n  
co lliders. H ence, th e  p red ic tiv e  pow er o f th e  Q C D  c a lcu la tio n s , in  p a r t ic u la r  th e ir  a b ility  
to  re p ro d u c e  th e  sh ap es  o f th e  d is tr ib u tio n s  s tu d ie d  in  th is  an a ly sis , is o f g en era l in te re s t. 
W h ile  searches fo r new  p h e n o m e n a  in  m u lti- je t ev en ts  use d a ta -d r iv e n  tech n iq u es  to  e s ti­
m a te  th e  c o n tr ib u tio n  from  Q C D  even ts, as w as d o n e  fo r ex am p le  in  ref. [11], th e se  m e th o d s  
a re  te s te d  in  M C  sim u la tio n s . T h e  acc u ra cy  o f th e  th e o re tic a l p re d ic tio n s  rem a in s  th e re fo re  
im p o r ta n t .
T h re e - je t ev en ts  have b een  m easu red  d iffe ren tia lly  by  m a n y  e x p e rim e n ts . In d e e d  it  w as 
o b se rv a tio n s  o f such  ev en ts  th a t  h e ra ld e d  th e  d iscovery  o f th e  g lu o n  [12- 15]. M ore recen tly , 
a t  th e  I H C ,  A T IA S  h as m easu red  th e  th re e - je t  cross sec tio n  d iffe ren tia lly  [16] a n d  C M S 
h as used  th e  ra t io  o f th re e  to  tw o  je t  ev en ts  to  m easu re  a S [17]. E v en t sh a p e  v a riab les  have 
a lso  b een  m easu red , show ing  se n s itiv ity  to  h ig h e r-o rd e r p Q C D  effects [18, 19]. M u lti- je t 
c ross sec tio n s have b een  m easu red  p rev io u sly  a t  C M S [20], A T IA S  [9], C D F  [2 1 , 22] an d  
D 0 [2 3 , 24], a lth o u g h  w ith  sm alle r d a ta s e ts  a n d /o r  low er energy, a n d  g en era lly  focussed  on 
d iffe ren t o bservab les.
T h is  p a p e r  p re se n ts  th e  d iffe ren tia l c ross sec tio n s fo r ev en ts  w ith  a t  least fo u r je ts , 
s tu d ie d  as a  fu n c tio n  o f a  v a rie ty  o f k in e m a tic  a n d  to p o lo g ica l v a riab le s  w h ich  in c lude  
m o m e n ta , m asses an d  ang les. E v e n ts  a re  se lec ted  if th e  fo u r a n ti-k t R  =  0.4 je ts  w ith  th e  
la rg e s t tra n sv e rse  m o m e n tu m  w ith in  th e  ra p id ity  ra n g e  |y| <  2.8 a re  well s e p a ra te d , all 
have  p T >  64 G eV , a n d  in c lu d e  a t  leas t one  je t  w ith  p T >  100 G eV . T h e  m e a su re m e n ts  
a re  c o rre c ted  for d e te c to r  effects. T h e  v a riab les  a re  b in n ed  in  th e  lead in g  je t  p T a n d  th e  
to ta l  in v a ria n t m ass, such  th a t  d iffe ren t reg im es an d  co n fig u ra tio n s  ca n  be  te s te d . T h e  
m e a su re m e n ts  a re  sen sitive  to  th e  v a rious m ass scales in  a n  even t, th e  p resen ce  of fo rw ard
1We thank Dr D. Maître (Durham University, U.K.) for providing the BlackHat histograms that were 






je ts ,  o r  th e  a z im u th a l co n fig u ra tio n  o f th e  je ts  —  th a t  is, one  je t  reco iling  a g a in s t th re e , o r 
tw o  reco iling  a g a in s t tw o.
T h e  s t ru c tu re  o f th e  p a p e r  is as follow s. S ec tio n  2 in tro d u c e s  th e  A T L A S d e te c to r . T h e  
o b serv ab les  a n d  p h ase  space  o f in te re s t a re  defined  in  sec tio n  3 . T h e  M C  s im u la tio n  sam p les  
s tu d ie d  in  th is  w ork  a re  su m m arised  in  sec tio n  4 , w hile  th e  th e o ry  p re d ic tio n s  a n d  th e ir  
u n c e r ta in tie s  a re  d e sc rib ed  in  sec tio n  5 . T h e  tr ig g e r, je t  c a lib ra tio n  an d  d a ta  c lean in g  a re  
p re se n te d  in  sec tio n  6 . T h e  u n fo ld in g  o f d e te c to r  effects is d e ta ile d  in  sec tio n  7 . S ec tio n  8 
p ro v id es  th e  e x p e rim e n ta l u n c e rta in tie s  in c lu d ed  in  th e  final d is tr ib u tio n s . F in a lly , th e  
re su lts  a re  show n in  sec tio n  9 a n d  th e  conclusions a re  d ra w n  in  sec tio n  10 .
2 T he A TLA S d etector
T h e  A T L A S e x p e rim e n t [25] is a  m u lti-p u rp o se  p a r tic le  physics d e te c to r  w ith  a  fo rw ard ­
b ack w ard  sy m m e tric  cy lin d rica l g e o m e try  a n d  n ea rly  4 n  coverage  in  solid  ang le , w ith  in ­
s tru m e n ta t io n  u p  to  |n | =  4 .9 .2
T h e  lay o u t of th e  d e te c to r  is b ased  on  fo u r su p e rc o n d u c tin g  m a g n e t sy stem s, w hich  
co m p rise  a  th in  so leno id  su rro u n d in g  th e  in n e r  tra c k in g  d e te c to rs  (ID ) a n d  a  b a rre l an d  
tw o  e n d -c a p  to ro id s  g e n e ra tin g  th e  m a g n e tic  field for a  la rge  m u o n  sp e c tro m e te r . T h e  
c a lo rim e te rs  a re  lo c a te d  b e tw een  th e  ID  a n d  th e  m u o n  sy s tem . T h e  le a d /liq u id -a rg o n  (L A r) 
e le c tro m a g n e tic  (E M ) c a lo r im e te r  is sp lit in to  tw o  reg ions: th e  b a rre l ( |n | <  1.475) an d  
th e  e n d -c a p  (1.375 <  |n | <  3 .2). T h e  h a d ro n ic  c a lo r im e te r  is d iv id ed  in to  fo u r regions: 
th e  b a rre l ( |n | <  0.8) a n d  th e  e x te n d e d  b a rre l (0 .8  <  |n | <  1.7) m ad e  o f s c in ti l la to r /s te e l, 
th e  e n d -cap  (1.5 <  |n | <  3.2) w ith  L A r /c o p p e r  m o d u les , a n d  th e  fo rw ard  c a lo rim e te r  
(3.1 <  |n| <  4.9) co m p o sed  o f L A r /c o p p e r  a n d  L A r / tu n g s te n  m odu les.
A  th ree -lev e l tr ig g e r  sy s tem  [26] is u sed  to  se lect ev en ts  for fu r th e r  an a ly sis . T h e  first 
level (L1) o f th e  tr ig g e r  red u ces th e  ev en t r a te  to  less th a n  75 kH z u sin g  h a rd w a re -b a se d  
tr ig g e r  a lg o rith m s  a c tin g  on  a  su b se t o f d e te c to r  in fo rm a tio n . T h e  second  level (L2) uses 
fa s t o n line  a lg o rith m s , w hile  th e  fina l tr ig g e r  s tag e , ca lled  th e  E v en t F i l te r  (E F ) , uses re ­
c o n s tru c tio n  so ftw are  w ith  a lg o rith m s  s im ila r to  th e  offline versions. T h e  la s t tw o  softw are- 
b ased  tr ig g e r  levels, re fe rred  to  co llec tive ly  as th e  H igh-L evel T rig g er (H L T ), fu r th e r  red u ce  
th e  ev en t r a te  to  a b o u t 400 Hz.
3 C ross-section  defin ition
T h is  m e a su re m e n t uses je ts  re c o n s tru c te d  w ith  th e  a n ti-k t a lg o r ith m  [27] w ith  fo u r-m o m en ­
tu m  re c o m b in a tio n  as im p lem en ted  in  th e  F a s tJ e t  package [28]. T h e  ra d iu s  p a ra m e te r  
is R  =  0.4.
C ross sec tio n s a re  c a lc u la te d  fo r ev en ts  w ith  a t  le a s t fo u r je ts  w ith in  th e  ra p id ity  
ra n g e  |y| <  2.8. O u t o f th o se  fou r je ts ,  th e  lead in g  one  m u s t have  p T >  100 G eV , w hile
2ATLAS uses a right-handed Cartesian coordinate system with its origin at the nominal interaction 
point (IP) in the centre of the detector. The z-axis is taken along the beam pipe, and the x-axis points 
from the IP to the centre of the LHC ring. Cylindrical coordinates (r, 0) are used in the transverse plane, 0 
being the azimuthal angle around the beam pipe. The rapidity y is defined by 2 ln - f+ T , the pseudorapidity 
in terms of the polar angle 6 as n =  — lntan(6/2).







Pt Transverse m om entum  of the ith  jet Sorted descending in p t
H t P P t )
((P */ -  (s p -)T
Scalar sum  of the p t  of the four jets
m 4j Invariant mass of the four jets
m™n/m4j
/ 2 2\  1/2 /  
mini.je[i.4] ( (Ei +  E j ) -  (p i +  p j ) ) m 4j 
i=j /
M inimum invariant mass of two je ts rela­
tive to  invariant mass of four jets
A ^ j ln mini.je[i.4] (|^i -  § j |)
i=j
M inimum azim uthal separation of two jets
Av2“ ln mini.je[i.4] (|Vi -  Vj|)
i=j
M inimum rapidity  separation of two jets
A^™ n m ini.j.fce[1.4] ( |^i -  0 j  \ +  \ &j -  $ k |)
i =j=k
M inimum azim uthal separation between 
any three jets
Ayjin mini.j.fce[i.4] (|Vi -  Vj| +  \Vj -  V k |)
i=j=k
M inimum rapidity  separation between any 
three jets
Avjax A V jax =  m axi,j6[i,4] ( |Vi -  Vj|) M aximum rapidity  difference between two 
jets
^pcentral
|pT | +  |pT | If AV2“ax is defined by je ts a  and b, this is 
the scalar sum of the p t  of the other two 
jets, c and d (‘central’ jets)
T a b le  1. Definitions of the  various kinem atic variables m easured. Only the four je ts  w ith the 
largest p T are considered in all cases.
th e  n e x t th re e  m u s t have p T >  64 G eV . In  a d d itio n , th e se  fou r je ts  m u s t b e  well s e p a ra te d
from  one a n o th e r  by A R j j in >  0.65, w h ere  A R  j  =  m in i j e [1,4] ( A R j ), a n d  A R j  =
i=j
(IVi — V j |2 +  \0i — 0 j |2) 1/2. T h is  se t of c r ite r ia  is a lso  re fe rred  to  as th e  ‘inc lusive  an a ly sis  
c u ts ’ to  d iffe re n tia te  th e m  from  th e  cases w h ere  a d d itio n a l re q u ire m e n ts  a re  m ad e , for 
ex am p le  on  th e  in v a ria n t m ass of th e  fo u r le ad in g  je ts . T h e  inc lusive  an a ly sis  c u ts  are  
m a in ly  m o tiv a te d  by th e  tr ig g e rs  u sed  to  se lec t ev en ts , d esc rib ed  in  sec tio n  6 .1 .
C ross sec tio n s a re  m easu red  d iffe ren tia lly  as a  fu n c tio n  of th e  k in e m a tic  v a riab les  d e ­
fined  in  ta b le  1 ; th e  lis t in c ludes m o m e n tu m  variab les , m ass  v a riab les  a n d  a n g u la r  v a riab les. 
T h e  o n ly  je ts  used  in  all cases a re  th e  fo u r le ad in g  ones in  p T . T h e  o b serv ab les  w ere se lec ted  
fo r th e ir  se n s itiv ity  to  d ifferences b e tw een  d iffe ren t M o n te  C a rlo  m odels o f Q C D  p rocesses 
a n d  th e ir  a b ility  to  d e sc rib e  th e  d y n am ics  o f th e  ev en ts . F o r ex am p le , th e  H t  v a riab le  
is o ften  u sed  to  se t th e  scale o f m u lti- je t p rocesses. T h e  fo u r-je t in v a ria n t m ass  m 4 j is 
re p re se n ta tiv e  o f th e  la rg es t en e rg y  scale in  th e  ev en t w h ereas  m j j in, th e  m in im u m  d ije t 
in v a ria n t m ass, p ro b es  th e  sm a lle s t je t - s p l i t t in g  scale. T h e  ra tio  m j j in/ m 4j th e re fo re  p ro ­
v ides in fo rm a tio n  a b o u t th e  ran g e  of en e rg y  scales re lev an t to  th e  Q C D  c a lc u la tio n . T h e  
A 0  j  a n d  A y jj in v a riab les  q u a n tify  th e  m in im u m  a n g u la r  se p a ra tio n  b e tw een  an y  tw o 
je ts . T h e  a z im u th a l v a riab le  A ^™ " d is tin g u ish e s  ev en ts  w ith  p a irs  o f n e a rb y  je ts  (w hich










m rnjl n /m 4j
A <p j  
A y mln 
A ^m ln  
Aym ln  
A ym a x






100, 400, 700, 1000 
100, 400, 700, 1000 
100, 400, 700, 1000 
100, 400, 700, 1000 
100, 250, 400, 550 
100, 250, 400, 550
500, 1000, 1500, 2000
1, 2, 3, 4
T a b le  2. Sum m ary of the analysed phase-space regions, including the p !^ , m 4j and Ay2jax bins 
into which each of the differential cross-section m easurem ents is split (a dash indicates when the 
cu t is not applied on a variable). The A R2jln and p^P requirem ents, specified in the  second and 
th ird  columns respectively, apply to  all variables. The observables are defined in table 1.
have large A^gjin) from the recoil of three jets against one (leading to  small A^gjin values). 
The rapidity  variable A y ™  works in a similar way. The A y2jax and XpTentral variables are 
designed to  be sensitive to  events w ith forward jets. In order to  build XpTentral, first the 
two jets w ith the largest rapidity  interval in the event are identified, and then  the scalar 
sum of the pT of the remaining two jets is calculated.
Different phase-space regions are probed by binning the variables in regions defined by 
a lower bound on p ^  and m 4j. This allows one to  distinguish between the two types of 
topologies characterised by A 0 ™ , or to  track the position of the leading je t w ith respect 
to  the forward-backward pair in the XpTentral variables. Table 2 summarises all the phase­
space regions considered in the analysis for each of the variables.
The resulting differential cross-section distributions are corrected for detector effects 
(unfolding) and taken to  the so-called particle-jet level, or simply ‘particle level’. In the 
MC simulations used in the unfolding procedure, particle jets are built from particles with 
a proper lifetime t  satisfying c t  >  10 mm, including muons and neutrinos from hadron 
decays. The event selection described above is applied to  particle jets to  define the phase 
space of the unfolded results.
Double parton interactions have not been investigated independently, so the m easure­
ment is inclusive in this respect. They are expected to  contribute 1% or less to  the results.
4 M on te Carlo sam ples
Monte Carlo samples are used to  estim ate experim ental system atic uncertainties, decon­
volve detector effects, and provide predictions to  be compared w ith the data. Leading-order 
Monte Carlo samples are used for all three purposes. A set of theoretical calculations at 
higher orders, described in section 5, are also compared to  the data . The full list of gener­
ators is shown in table 3 .





Name Hard scattering LO/NLO PDF PS/UE Tune Factor
Pythia PyTHia 8 LO (2 ^  2) CT10 Pythia 8 AU2-CT10 0.6
Herwig+ + HErwiG++ LO (2 ^  2) CTEQ6L1 HerwiG++ UE-EE-3-CTEQ6L1 1.4
MadGraph+Pythia MaDGraph LO (2 ^  4) CTEQ6L1 Pythia 6 AUET2B-CTEQ6L1 1.1
HEJ HEJ All! CT10 — — 0.9
BlackHat/Sherpa DlacREat/Sherpa NLO (2 ^  4) CT10 — — —
NJet/Sherpa N Jet/Sherpa NLO (2 ^  4) CT10 — — —
^The H E J  sample is based on an approximation to all orders in as.
T a b le  3. The generators used for com parison against the d a ta  are listed, together w ith the parton  
d istribu tion  functions (PD Fs), PS algorithm s, underlying event (UE) and param eter tunes. Each 
MC prediction is m ultiplied by a norm alisation factor (last column) as described in section 5.1, 
except B L a c k H a t /S h e r p a  and N J e t /S h e r p a .
T h e  sam ples u sed  in  th e  e x p e rim e n ta l s tu d ie s  co m p rise  tw o  L O  2 ^  2 g en ­
e ra to rs , P y t h i a 8.160 [5] a n d  H e r w i g + + 2.5.2 [6] , a n d  th e  LO  m u lti-leg  g e n e ra to r  
M a d G ra p h 5 v l .5 .1 2  [8] . A s d esc rib ed  in  th e  in tro d u c tio n , LO  g e n e ra to rs  a re  s till w idely  
used  in  searches fo r new  physics, w h ich  m o tiv a te s  th e  co m p ariso n  of th e ir  p re d ic tio n s  to  
th e  d a ta .
B o th  P y t h i a  a n d  H e r w ig + +  em p lo y  le a d in g -lo g a rith m ic  P S  m odels m a tc h e d  to  LO  
M E  c a lc u la tio n s . P y t h i a  uses a  P S  a lg o rith m  b ased  o n  p x  o rd e rin g , w hile  th e  P S  m odel 
im p le m e n te d  in  H e r w ig + +  follow s a n  a n g u la r  o rd e rin g . T h e  M E  c a lc u la tio n  p ro v id ed  
by  M a d G ra p h  c o n ta in s  u p  to  fo u r o u tg o in g  p a r to n s  in  th e  M E . I t  is m a tc h e d  to  a  P S  
g e n e ra te d  w ith  P y t h i a  6 .427 [29] u sin g  th e  show er kt - je t M L M  m a tc h in g  [30], w h ere  th e  
je t -p a r to n  m a tc h in g  scale  is se t to  20 G eV . H a d ro n isa tio n  effects a re  in c lu d ed  v ia  th e  s tr in g  
m o d e l in  th e  case o f th e  P y t h i a  a n d  M a d G r a p h  sam p les  [29], o r  th e  c lu s te r  m o d e l [31] in  
ev en ts  s im u la te d  w ith  H e r w ig + + .  T h e  p a r to n  d is tr ib u tio n  fu n c tio n s  (P D F s)  used  a re  th e  
N L O  CT10 [32] o r  th e  L O  d is tr ib u tio n s  of CTEQ6L1 [33] as show n in  ta b le  3 .
S im u la tio n s  o f th e  u n d e rly in g  ev en t, in c lu d in g  m u ltip le  p a r to n  in te ra c tio n s , a re  in ­
c lu d ed  in  all th re e  L O  sam ples. T h e  p a ra m e te r  tu n e s  em ployed  a re  th e  A T L A S tu n e s  
AU2 [34] a n d  AUET2B [35] fo r P y t h i a  a n d  M a d G r a p h  respective ly , a n d  th e  H e r w ig + +  tu n e  
UE-EE-3 [36].
T h e  m u ltip le  pp  co llisions w ith in  th e  sam e  a n d  n e ig h b o u rin g  b u n c h  c rossings (p ile-up ) 
a re  s im u la te d  as a d d itio n a l in e la s tic  pp  co llisions u sing  P y t h i a  8. F ina lly , th e  in te ra c tio n  of 
p a rtic le s  w ith  th e  A T L A S d e te c to r  is s im u la te d  u sin g  a  G E A N T 4 -b a se d  p ro g ra m  [3 7 , 38].
5 T h eoretica l predictions
T h e  re su lts  o f th e  m e a su re m e n t a re  co m p a re d  to  N L O  p red ic tio n s , in  a d d itio n  to  th e  LO
sam p les  d e sc rib ed  in  sec tio n  4 . T h e se  a re  c a lc u la te d  u sin g  B l a c k H a t / S h e r p a  [2 , 3] an d
N J e t / S h e r p a  [3 9 , 40], a n d  have b een  p ro v id ed  by  th e ir  a u th o rs . T h e y  a re  b o th  fix ed -o rd e r
c a lc u la tio n s  w ith  no  P S  a n d  no  h a d ro n isa tio n . T h ere fo re , th e  re su lts  a re  p re se n te d  a t  th e  
p a r to n - je t  level, t h a t  is, u s in g  je ts  b u ilt  from  p a r to n s  in s te a d  o f h a d ro n s . F o r th e  h igh-





p T p h ase  space  covered  in  th is  ana ly sis , n o n -p e r tu rb a tiv e  co rrec tio n s  a re  e x p e c te d  to  be 
sm all [4 1 , 42]. B la ckH at p e rfo rm s on e-lo o p  v ir tu a l  co rrec tio n s  u sin g  th e  u n i ta r i ty  m e th o d  
a n d  on -shell recu rsio n . T h e  re m a in in g  te rm s  o f th e  fu ll N L O  c o m p u ta tio n  a re  o b ta in e d  
w ith  AMEGIC++ [43 , 44], p a r t  of Sh e r p a . N J e t  m akes a  n u m erica l e v a lu a tio n  of th e  one-loop  
v ir tu a l  co rrec tio n s  to  m u lti- je t p ro d u c tio n  in  m assless Q C D . T h e  B o rn  m a tr ix  e lem en ts  
a re  e v a lu a te d  w ith  th e  C om ix  g e n e ra to r  [45 , 46] w ith in  Sh e r p a . Sh erpa  a lso  p e rfo rm s th e  
p h ase -sp ace  in te g ra tio n  a n d  in fra -red  s u b tra c tio n  v ia  th e  C a ta n i-S e y m o u r d ip o le  fo rm alism . 
B o th  th e  B la ckH a t / S h erpa  a n d  N J e t / S h erpa  p re d ic tio n s  use th e  CT10 P D F s .
T h e  re su lts  a re  a lso  co m p a re d  to  p re d ic tio n s  p ro v id ed  by  H E J  [47- 49].3 H E J  is a  fu lly  
exclusive  M o n te  C a rlo  ev en t g e n e ra to r  b ased  on  a  p e r tu rb a tiv e  c ro ss-sec tio n  c a lc u la tio n  
w h ich  a p p ro x im a te s  th e  h a rd -s c a tte r in g  M E  to  a ll o rd e rs  in  th e  s tro n g  co u p lin g  c o n s ta n t 
a s  fo r j e t  m u ltip lic itie s  o f tw o  o r g re a te r . T h e  a p p ro x im a tio n  is e x a c t in  th e  lim it o f la rge  
se p a ra tio n  in  ra p id ity  b e tw een  p a r to n s . T h e  c a lc u la tio n  uses th e  CT10 P D F s . A s in  th e  
case  o f th e  N L O  p re d ic tio n s , n o  P S  o r h a d ro n isa tio n  a re  in c luded .
T h e  d iffe ren t p re d ic tio n s  te s te d  a re  e x p e c te d  to  d isp lay  v a rio u s levels o f a g reem en t in 
d iffe ren t k in e m a tic  co n fig u ra tio n s . T h e  g e n e ra to rs  w h ich  co m b in e  2 ^  2 p a r to n  m a tr ix  
e lem en ts  (M E s) w ith  p a r to n  show ers (P S s) a re  in  p rin c ip le  n o t e x p e c te d  to  p ro v id e  a  good  
d e sc r ip tio n  o f th e  d a ta ,  p a r tic u la r ly  in  reg ions w h ere  th e  a d d itio n a l je ts  a re  n e ith e r  soft 
n o r co llin ear. A  p rev io u s m e a su re m e n t o f m u lti- je t c ross sec tio n s a t  7 T eV  by  th e  A T L A S 
C o lla b o ra tio n  [9] fo u n d  th a t  th e  cross sec tio n  p re d ic te d  by  M C  m odels ty p ic a lly  d isag reed  
w ith  th e  d a ta  by  O (4 0 % ). I t  a lso  fo u n d  d isa g re e m e n ts  o f u p  to  50% in  th e  sh a p e  o f th e  
d iffe ren tia l c ross sec tio n  m easu red  as a  fu n c tio n  of p T  o r H t . N ev erth e less , th e re  a re  also  
ex am p les  of e x cep tio n a l cases w h ere  th e se  ca lc u la tio n s  p e rfo rm  well, w h ich  ad d s  in te re s t 
to  th e  m easu rem en t; fo r ex am p le , th e  sam e 7 T eV  A T L A S p a p e r  o b serv ed  th a t  th e  sh ap e  
o f th e  p T  d is tr ib u tio n  w as d esc rib ed  by  PyTHiA w ith in  ju s t  10%. I t  is a lso  in te re s tin g  to  
te s t  w h e th e r  P S s  b ased  o n  an  a n g u la r  o rd e rin g  p e rfo rm  b e t te r  in  a n g u la r  v a riab les  such  
as A ^ j j in o r  A 0  j  th a n  th o se  u sin g  m o m e n tu m  o rd e rin g . In  c o n tra s t  to  P S  p red ic tio n s , 
m u lti-leg  m a tr ix  e lem en t ca lc u la tio n s  m a tc h e d  to  p a r to n  show ers (M E + P S )  w ere seen a t  
7 T eV  to  sig n ifican tly  im prove  th e  a c c u ra cy  o f th e  c ro ss-sec tio n  c a lc u la tio n  a n d  th e  sh ap es  
o f th e  m o m e n tu m  o b servab les. In  th e  p re se n t an a ly sis , such  ca lc u la tio n s  a re  e x p e c te d  
to  p e rfo rm  b e t te r  in  ev en ts  w ith  a d d itio n a l h ig h -p x  je ts  a n d /o r  la rg e  co m b in ed  in v a ria n t 
m asses of je ts . T h is  is a lso  th e  ty p e  o f scen ario  w h ere  H E J  is e x p e c te d  to  p e rfo rm  well, 
since it  p rov ides a n  a ll-o rd e r d e sc r ip tio n  o f p rocesses w ith  m ore  th a n  tw o h a rd  je ts , an d  
it  is desig n ed  to  c a p tu re  th e  h a rd , w ide-ang le  em issions w h ich  a  s ta n d a lo n e  P S  a p p ro a c h  
w ould  m iss. V ariab les  such  as A V jjax, AVjjjin o r  EpTentral w ere in c lu d ed  in  th e  an a ly s is  w ith  
th is  p u rp o se  in  m in d . F ina lly , th e  fix ed -o rd er, fo u r-je t N L O  p re d ic tio n s  a re  e x p e c te d  to  
p ro v id e  a  b e t te r  e s tim a tio n  of th e  cross sec tio n s th a n  th e  LO  c a lcu la tio n s . In te re s tin g ly , 
s tu d ie s  a t  7 T e V  fo u n d  th a t  th e  N L O  cross sec tio n  for fo u r-je t ev en ts  w as ~  30%  h ig h er 
th a n  th e  d a ta  [10].
3We thank Dr J. Andersen and Dr T. Hapola (Durham University, U.K.) for providing the histograms 






5.1 N o rm a lisa tio n
T o fa c ilita te  c o m p ariso n  w ith  th e  d a ta ,  th e  cross sec tions p re d ic te d  by  th e  LO  g e n e ra to rs  
as w ell as H E J  a re  m u ltip lie d  by  a  scale  fac to r . T h e  fa c to r  is such  th a t  th e  in te g ra te d  
n u m b e r  o f ev en ts  in  th e  reg ion  500 G eV  <  pT+ <  1.5 T eV  w h ich  sa tis fy  th e  inclusive 
an a ly s is  c u ts  in  sec tio n  3 is eq u a l to  th e  co rre sp o n d in g  n u m b e r in  d a ta .  T h e  fu ll se t of 
n o rm a lisa tio n  fa c to rs  is show n in  ta b le  3 . N o scale fa c to r  is a sc rib ed  to  B L a c k H a t /S h e r p a  
a n d  N J e t / S h e r p a  such  th a t  th e  level of ag reem en t w ith  d a ta  ca n  b e  assessed  in  lig h t of 
th e  th e o re tic a l u n c e rta in tie s , as d iscu ssed  in  sec tio n  5 .2 .
5.2 T h eo retica l u n certa in ties
T h e o re tic a l u n c e r ta in tie s  have  b een  c o m p u te d  for H E J  a n d  th e  N L O  p red ic tio n s . T h e  
se n s itiv ity  o f th e  H E J  c a lc u la tio n  to  h ig h e r-o rd e r co rrec tio n s  w as d e te rm in e d  by  th e  a u th o rs  
o f th e  c a lc u la tio n  by  v a ry in g  in d e p e n d e n tly  th e  re n o rm a lisa tio n  a n d  fa c to r isa tio n  scales by 
fa c to rs  o f \ /2 ,  2, 1 / \ / 2  a n d  1 /2  a ro u n d  th e  c e n tra l  value o f H t / 2 .  T h e  to ta l  u n c e r ta in ty  is 
th e  re su lt of ta k in g  th e  envelope  o f all th e  v a ria tio n s . T h e  ty p ic a l size o f th e  u n c e r ta in ty  
is + 3 0 %, a n d  it  is n o t d ra w n  on  th e  figures fo r c larity .
T h e  c e n tra l  v a lue  o f th e  re n o rm a lisa tio n  a n d  fa c to r is a tio n  scales u sed  in  th e  N J e t /  
S h e rp a  a n d  B l a c k H a t / S h e r p a  sam ples is a lso  H t / 2. Scale u n c e r ta in tie s  a re  e v a lu a te d  
fo r N J e t / S h e r p a  by  s im u lta n e o u s ly  v a ry in g  b o th  scales by  fa c to rs  of 1 /2  a n d  2. P D F  
u n c e r ta in tie s  a re  o b ta in e d  by  rew e ig h tin g  th e  d is tr ib u tio n s  fo r all th e  P D F  e rro r  se ts  u sing  
L H A P D F  [50], fo llow ing th e  re c o m m e n d a tio n s  from  ref. [51]. T h e  a d d itio n a l P D F  se ts  
in c lu d e  v a r ia tio n s  in  th e  value o f a S. T h e  su m  in  q u a d ra tu re  o f th e  re su ltin g  scale an d  
P D F  v a ria tio n s  defines th e  N L O  th e o re tic a l u n c e r ta in ty  in c lu d ed  in  th e  re su lt figures in  
sec tio n  9 . T h e  u n c e r ta in ty  is d o m in a te d  by th e  scale c o m p o n e n t d u e  to  th e  ra p id  d ro p  of 
th e  cross sec tio n  w ith  d ec rea s in g  values o f th e  re n o rm a lisa tio n  a n d  fa c to r isa tio n  scales. As 
a  re su lt, th e  u n c e r ta in ty  is s ig n ifican tly  a sy m m etric .
6 D a ta  selection  and calibration
T h e  d a ta  sam p le  used  w as ta k e n  d u rin g  th e  p e rio d  from  M arch  to  D ecem b er 2012 w ith  
th e  L H C  o p e ra tin g  a t  a  p p  cen tre -o f-m ass en e rg y  o f y fs  =  8 TeV . T h e  a p p lic a tio n  of 
d a ta -q u a li ty  re q u ire m e n ts  re su lts  in  a n  in te g ra te d  lu m in o sity  o f 20.3 fb - 1 .
6.1 T rigger
T h e  ev en ts  u sed  in  th is  an a ly sis  a re  se lec ted  by  a  co m b in a tio n  of fo u r je t  tr ig g e rs , c o n s is tin g  
o f th e  th re e  u su a l levels a n d  defined  in  te rm s  of th e  je ts  p ro d u c e d  in  th e  even t. T h e  
h a rd w a re -b a se d  L1 tr ig g e r  p rov ides a  fa s t decision  b ased  on  th e  en e rg y  m easu red  by  th e  
ca lo rim e te r. T h e  L2 tr ig g e r  p e rfo rm s a  sim p le  je t  re c o n s tru c tio n  p ro c e d u re  in  th e  g eo m etric  
reg ions iden tified  by  th e  L1 tr ig g e r. T h e  final decision  ta k e n  by  th e  E F  tr ig g e r  is m ad e  
u sin g  je ts  from  th e  reg ion  o f |n| <  3.2, a n d  re c o n s tru c te d  from  to p o lo g ica l c lu s te rs  [52] 
u sin g  th e  a n ti-k t a lg o r ith m  w ith  R  =  0.4.
T h e  fo u r d iffe ren t tr ig g e rs  used  in  th is  p a p e r  a re  show n in  figure 1 . T w o o f th e  tr ig g e rs  






F ig u re  1. Schematic of the  kinem atic regions in which the four different je t triggers are used, 
including the to ta l lum inosity th a t each of them  recorded. The term  4j45 (4j65) refers to  a trigger 
requiring at least four je ts  w ith p T >  45 GeV (65 GeV), where the p T is m easured a t the  E F  level 
of the  triggering system . The term  j280 (j360) refers to  a trigger requiring a t least one je t w ith 
p T >  280 GeV (360 GeV) at the E F  level. The horizontal and vertical axes correspond to  pT^ and 
pT^ respectively, bo th  calculated a t the offline level (i.e., including the full object calibration).
one  je t  a t  a  h ig h e r p t  th re sh o ld . E v e n ts  a re  sp lit in to  th e  fo u r n o n -o v e rlap p in g  k in em a tic  
reg ions show n in figure 1, req u ir in g  a t  le a s t fo u r w e ll-sep a ra ted  je ts  w ith  v a ry in g  p T th re s h ­
o lds in  o rd e r to  ap p ly  th e  co rre sp o n d in g  tr ig g e r. T h is  en su res  tr ig g e r  efficiencies g re a te r  
th a n  99% for an y  ev en t p ass in g  th e  inc lusive  an a ly s is  c u ts . T h e  sm all re s id u a l loss o f d a ta  
d u e  to  tr ig g e r  inefficiency is co rre c ted  as a  fu n c tio n  o f je t  pT usin g  th e  tech n iq u es  d esc rib ed  
in  sec tio n  7 .
A s n o te d  in  figure  1 , th re e  o u t o f th e  fo u r tr ig g e rs  o n ly  reco rd ed  a  fra c tio n  o f th e  to ta l  
d a ta s e t .  T h e  c o n tr ib u tio n s  from  th e  ev en ts  se lec ted  b y  th o se  th re e  tr ig g e rs  a re  scaled  b y  
th e  inverse  o f th e  co rre sp o n d in g  frac tio n .
6.2  J e t reco n stru ctio n  and ca lib ration
J e ts  a re  re c o n s tru c te d  u sin g  th e  a n ti-k t j e t  a lg o r ith m  [27] w ith  fo u r-m o m e n tu m  reco m b in a ­
tio n  a n d  ra d iu s  p a ra m e te r  R  =  0.4. T h e  in p u ts  to  th e  je t  a lg o rith m  a re  lo c a lly -c a lib ra te d  
to p o lo g ica l c lu s te rs  o f c a lo r im e te r  cells [52], w h ich  re c o n s tru c t th e  th re e -d im e n s io n a l show er 
to p o lo g y  o f each  p a r tic le  e n te r in g  th e  ca lo rim e te r.
A T L A S  h as dev e lo p ed  severa l j e t  c a lib ra tio n  schem es [53] w ith  d iffe ren t levels o f com ­
p lex ity  a n d  d iffe ren t sen s itiv itie s  to  sy s te m a tic  effects. In  th is  an a ly sis  th e  local c lu s te r  
w eig h tin g  (L C W ) c a lib ra tio n  [52] m e th o d  is used , w hich  classifies to p o lo g ica l c lu s te rs  as 
e ith e r  b e in g  of e le c tro m a g n e tic  o r  h a d ro n ic  orig in . B ased  o n  th is  c la ssifica tion , specific 
en e rg y  co rrec tio n s  a re  a p p lied , im p ro v in g  th e  je t  en e rg y  re so lu tio n . T h e  final j e t  en erg y  
c a lib ra tio n , g en era lly  re fe rred  to  as th e  je t  en e rg y  scale, c o rrec ts  th e  av erag e  c a lo r im e te r  
re sp o n se  to  re p ro d u c e  th e  en e rg y  of th e  t ru e  p a r tic le  je t .
T h e  je t  en e rg y  scale a n d  re so lu tio n  have  b een  m e asu red  in  pp  co llision  d a ta  u sin g  te c h ­
n iques d e sc rib ed  in  re ferences [54- 56]. T h e  effects o f p ile -u p  on  je t  energ ies a re  acco u n ted





Figure 2 . Detector-level distributions of (a) p ^  and (b) p T  for d a ta  and for exam ple MC 
predictions. The MC predictions have passed through detector sim ulation. The lower panel in each 
plot shows the ratios of the MC predictions to  data . For b e tte r com parison, the  predictions are 
m ultiplied by the factors indicated in the legend.
for by a jet-area-based correction [57] prior to  the final calibration, where the area of the 
je t is defined in n -0  space. Jets are then  calibrated to  the hadronic energy scale using 
P t - and n-dependent calibration factors based on MC simulations, and their response is 
corrected based on several observables th a t are sensitive to  fragm entation effects. A resid­
ual calibration is applied to  take into account differences between d a ta  and MC simulation 
based on a combination of several in-situ techniques [54].
6.3  D a ta  q u a lity  criteria
Before applying the selection th a t defines the kinematic region of interest, events are re­
quired to  pass the trigger, as described in section 6.1, and to  contain a prim ary vertex with 
a t least two tracks. Events which contain energy deposits in the calorim eter consistent 
w ith noise, or with incomplete event data, are rejected. In addition, events containing jets 
pointing to  problem atic calorim eter regions, or originating from non-collision background, 
cosmic rays or detector effects, are vetoed. These cleaning procedures are emulated in the 
MC simulation used to  correct for experim ental effects, as is discussed in detail in section 7.
No a ttem p t is made to  exclude jets th a t result from photons or leptons im pacting the 
calorimeter, nor are the contributions from such signatures corrected for. Events containing 
photons or t  leptons are expected to  contribute less th an  0.1% to  the cross sections under 
study.
D istributions of two example variables (pT1) and pT4)) can be seen at the detector level 
(i.e. prior to  unfolding detector effects) in figure 2. Different sets of points correspond to  
the d a ta  and the different MC generators, which are normalised to  d a ta  w ith the scale





fa c to rs  in d ic a te d  in  ta b le  3 . T h ese  a re  c o n s ta n t fa c to rs  used  to  fa c ili ta te  th e  co m p ariso n  
w ith  d a ta ,  as d e sc rib ed  in  sec tio n  5 .1 . G iven  th a t  th e  g e n e ra to rs  have on ly  LO  o r even 
o n ly  le a d in g -lo g a rith m ic  accu racy , th e  o b serv ed  a g reem en t is reaso n ab le .
7 D a ta  unfolding
C ross sec tio n s a re  m easu red  d iffe ren tia lly  in  severa l v a riab les , each  of w h ich  is b in n e d  in  
pT1) o r m 4j. E a c h  o f th e  co rre sp o n d in g  d is tr ib u tio n s  is in d iv id u a lly  un fo ld ed  to  deconvolve 
d e te c to r  effects such  as inefficiencies a n d  re so lu tio n s . T h e  u n fo ld in g  is p e rfo rm ed  u sin g  th e  
B ay esian  I te ra t iv e  m e th o d  [58 , 59], as im p lem en ted  in  th e  R o o U n fo ld  package [60]. T h e  
a lg o rith m  b u ild s  a n  u n fo ld in g  m a tr ix  s ta r t in g  w ith  a n  in itia l p r io r  p ro b a b ility  d is tr ib u tio n  
ta k e n  from  M C  s im u la tio n , a n d  im proves it  ite ra tiv e ly . T h e  m e th o d  ta k e s  in to  acco u n t 
m ig ra tio n s  b e tw een  b in s. I t  a lso  co rrec ts  th e  re su lts  for th e  p resen ce  o f ev en ts  w hich  
pass  th e  se lec tio n  a t  reco n s tru c te d -le v e l b u t  n o t a t  th e  p a r tic le  level; a n d  fo r d e te c to r  
inefficiencies, w hich  have th e  o p p o s ite  effect. T h e  n u m b e r o f i te ra tio n s  is o p tim ise d  in 
o rd e r  to  m in im ise  th e  size of th e  s ta t is t ic a l  a n d  sy s te m a tic  u n c e r ta in tie s . A  low er n u m b e r 
o f i te ra tio n s  re su lts  in  a  h ig h e r d e p e n d e n c e  o n  th e  M C  s im u la tio n , w h ereas  h ig h e r values 
give la rg e r s ta t is t ic a l  u n c e rta in tie s . F o r th e  an a ly s is  p re se n te d  in  th is  p a p e r , tw o  ite ra tio n s  
a re  used .
T h e  d a ta  a re  un fo ld ed  to  th e  p a r tic le - je t level u sin g  th e  P y t h i a  M C  s im u la tio n  to  b u ild  
th e  u n fo ld in g  m a tr ix . In  o rd e r  to  c o n s tru c t th e  m a tr ix , ev en ts  a re  req u ired  to  p ass  th e  in c lu ­
sive an a ly s is  c u ts  a t  b o th  th e  re c o n s tru c te d  a n d  p a r tic le  levels. T h e  c u ts  req u ire  th a t  ev en ts  
have  a t  le a s t fo u r je ts  w ith in  |y | <  2.8, w ith  pT1) > 1 0 0  G eV  a n d  pT2),P x ) , p X4) >  64 G eV . 
T h e  fou r le ad in g  je ts  m u s t in  a d d itio n  b e  se p a ra te d  by  A R j j“  >  0.65. F o r o b servab les 
re q u irin g  a d d itio n a l k in e m a tic  c u ts , th e se  a re  a lso  ap p lied  b o th  a t  th e  re c o n s tru c te d  an d  
p a r tic le  levels. N o  sp a tia l  m a tc h in g  is p e rfo rm ed  b e tw een  reco n s tru c te d -le v e l a n d  p a rtic le -  
level je ts .
T h e  c o rre la tio n  b e tw een  th e  o b serv ab les  b efo re  a n d  a f te r  th e  in c o rp o ra tio n  o f e x p e ri­
m e n ta l effects te n d s  to  be  h ig h e r fo r p T -b ased  va riab les , such  as H x . In  th e  case  o f a n g u la r  
va riab les , such  as A 0 j jm , th e  c o rre la tio n  is w eakened  d u e  to  cases w h ere  en e rg y  re so lu tio n  
effects lead  to  re -o rd e rin g  o f th e  je t  p T . N ev erth e less , even  in  th e  case  o f such  a n g u la r  v a ri­
ab les th e  en tr ie s  fa r  from  th e  d iag o n a l o f th e  c o rre la tio n  m a tr ix  a re  sig n ifican tly  sm alle r 
th a n  th e  d iag o n a l e lem en ts . T h e  b in n in g  is d e riv ed  from  a n  o p tim isa tio n  p ro c e d u re  such  
th a t  th e  p u r i ty  o f th e  b in s is b e tw een  70%  a n d  90% , a n d  th e  s ta t is t ic a l  u n c e r ta in ty  of th e  
m e a su re m e n t is <  10% . T h e  p u r i ty  is defined  as th e  f ra c tio n a l n u m b e r o f ev en ts  p e r  b in  
w h ich  d o  n o t m ig ra te  to  o th e r  b in s  a f te r  th e  d e te c to r  s im u la tio n , c a lc u la ted  w ith  re sp ec t 
to  th e  n u m b e r o f ev en ts  w hich  p ass  th e  p a rtic le -lev e l cu ts .
T h e  possib le  p resen ce  o f b iases in  th e  un fo ld ed  s p e c tra  d u e  to  M C  m ism o d e llin g  of th e  
reco n s tru c te d -le v e l sp e c tru m  is e v a lu a te d  u sin g  a  d a ta -d r iv e n  c lo su re  te s t .  In  th is  s tu d y , th e  
M C  d is tr ib u tio n s  a re  rew eig h ted  to  m a tc h  th e  sh a p e  o f th o se  o b ta in e d  from  th e  d a ta ,  an d  
th e n  un fo ld ed  u sin g  th e  sam e  u n fo ld in g  m a tr ix  as fo r th e  d a ta .  A  d a ta -d r iv e n  sy s te m a tic  
u n c e r ta in ty  is c o m p u te d  by  co m p a rin g  th e  re su lt o b ta in e d  from  th is  p ro c e d u re  an d  th e





o rig in a l rew eig h ted  p a rtic le -lev e l M C  d is tr ib u tio n s . W ith  tw o  ite ra tio n s  o f th e  u n fo ld ing  
a lg o rith m , th is  sy s te m a tic  u n c e r ta in ty  is fo u n d  to  be  neglig ible.
A  second  u n fo ld in g  u n c e r ta in ty  is e v a lu a te d  to  a cco u n t fo r th e  m odel d e p e n d en ce  of th e  
efficiency w ith  w hich  b o th  th e  re c o n s tru c te d -  a n d  pa rtic le -lev e l c u ts  a re  sa tisfied  in  each  M C 
ev en t. T h e  sy s te m a tic  u n c e r ta in ty  is d e riv ed  from  th e  d ifferences b e tw een  th e  efficiencies 
c a lc u la te d  w ith  H e r w ig + +  a n d  th o se  c a lc u la te d  u sin g  P y t h i a .  T h e  re su ltin g  u n c e r ta in ty  
is fo u n d  to  be  su b d o m in a n t in  m o st cases, w ith  ty p ic a l sizes o f 2 -10% . T h e  u n c e r ta in ty  is 
re b in n e d  a n d  sm o o th e d , such  th a t  its  s ta t is t ic a l  u n c e r ta in ty  is sm alle r th a n  40% .
T h e  s ta t is t ic a l  u n c e r ta in tie s  a re  c a lc u la te d  w ith  p seu d o -ex p e rim en ts . F o r each  p seu d o ­
e x p e rim e n t, th e  d a ta  a n d  M C  d is tr ib u tio n s  a re  rew eig h ted  ev en t by  ev en t follow ing a 
P o isso n  d is tr ib u tio n  c e n tre d  a t  one. E a c h  re su ltin g  P o isso n  rep lica  o f th e  d a ta  is un fo lded  
u sin g  th e  co rre sp o n d in g  f lu c tu a te d  u n fo ld in g  m a tr ix . T h e  ra n d o m  n u m b ers  fo r th e  p seu d o ­
e x p e rim e n ts  a re  g e n e ra te d  u sin g  u n iq u e  seeds, fo llow ing th e  sam e  schem e used  by  th e  
inc lusive  je t  [42], d ije t [61] a n d  th re e - je t  [16] m e a su re m e n ts  a t  a/ s =  7 TeV , to  allow  for 
p ossib le  fu tu re  c o m b in a tio n  of re su lts  w ith  th e  sam e  d a ta s e t  u sed  fo r th is  ana ly sis .
T h e  in te g ra l o f th e  un fo ld ed  d is tr ib u tio n s , co rre sp o n d in g  to  th e  cross sec tio n  in  th e  
fiducia l ran g e  d e te rm in e d  by  th e  inc lusive  an a ly sis  c u ts , w as co m p a re d  for all th e  v ariab les  
defined  in  th e  sam e reg ion  of p h ase  sp ace  a n d  fo u n d  to  ag ree  w ith  each  o th e r  w ith in  0.5% .
8 E xperim en ta l un certa in ties
S everal sources o f e x p e rim e n ta l u n c e r ta in ty  a re  co n sid e red  in  th is  an a ly sis . T h o se  a ris in g  
from  th e  u n fo ld in g  p ro c e d u re  a re  d e sc rib ed  in  sec tio n  7 . T h is  sec tio n  p re se n ts  th e  u n ­
c e r ta in tie s  w h ich  a rise  from  th e  je t  en e rg y  scale (JE S ), j e t  en e rg y  re so lu tio n  ( J E R ) , je t  
a n g u la r  re so lu tio n  a n d  in te g ra te d  lum inosity . T h e  d o m in a n t sou rce  of u n c e r ta in ty  in  th is  
m e a su re m e n t is th e  JE S .
T h e  u n c e r ta in ty  in  th e  J E S  c a lib ra tio n  is d e te rm in e d  in  th e  c e n tra l  d e te c to r  reg ion  by 
e x p lo itin g  th e  tra n sv e rse  m o m e n tu m  b a la n c e  in  Z + je t ,  y  + je t  o r  m u lti- je t ev en ts , w h ich  are  
m easu red  in  s itu . T h e  u n c e r ta in tie s  in  th e  en e rg y  o f th e  re ference  o b je c t a re  p ro p a g a te d  
to  th e  je t  w hose en e rg y  scale is b e in g  p ro b ed . T h e  u n c e r ta in ty  in  th e  c e n tra l reg ion  is 
p ro p a g a te d  to  th e  fo rw ard  reg ion  u sin g  d ije t sy stem s b a la n c e d  in  tra n sv e rse  m o m en tu m . 
T h e  p ro c e d u re  is d e sc rib ed  in  d e ta il in  ref. [54].
T h e  to ta l  JE S  u n c e r ta in ty  is d eco m p o sed  in to  e ig h teen  c o m p o n en ts , w h ich  acco u n t 
fo r th e  u n c e r ta in ty  in  th e  je t  en e rg y  scale c a lib ra tio n  itself, as well as u n c e r ta in tie s  d u e  
to  th e  p ile -u p  s u b tra c tio n  p ro ced u re , p a r to n  flavour d ifferences b e tw een  sam ples, b-jet 
en e rg y  scale a n d  p u n c h -th ro u g h . E a c h  o f th e se  u n c e r ta in tie s  is in c o rp o ra te d  as a  co h e ren t 
sh ift of th e  scale o f th e  je ts  in  th e  M C  sim u la tio n . T h e  energ ies a n d  tra n sv e rse  m o m e n ta  
o f all je ts  w ith  p T >  20 G eV  a n d  |y | <  2.8 a re  v a ried  u p  a n d  dow n  by  one  s ta n d a rd  
d e v ia tio n  o f each  u n c e r ta in ty  co m p o n en t; th e se  co m p o n e n ts  a re  a sy m m etric , i.e. th e  values 
o f th e  u p w ard s  a n d  d o w n w ard s v a ria tio n s  a re  d iffe ren t. T h e  sh ifts  a re  th e n  p ro p a g a te d  
th ro u g h  th e  un fo ld ing . T h e  un fo ld ed  d is tr ib u tio n s  co rre sp o n d in g  to  th e  sy s te m a tic a lly  
v a ried  s p e c tra  a re  co m p a re d  one  by  one  to  th e  n o m in a l ones, a n d  th e  d ifference ta k e n  
as th e  unfo lded -level u n c e r ta in ty  d u e  to  t h a t  JE S  u n c e r ta in ty  co m p o n e n t. T h e  to ta l  JE S





u n c e r ta in ty  is o b ta in e d  by  su m m in g  all such  c o n tr ib u tio n s  q u a d ra tic a lly , re sp e c tin g  th e  sign 
o f th e  v a ria tio n s  in  th e  ev en t yields; th a t  is, p o s itiv e  a n d  n eg a tiv e  ev en t y ie ld  v a ria tio n s  
a re  ad d e d  in d ep en d en tly .
S ta tis t ic a l  u n c e r ta in tie s  on  each  of th e  JE S  u n c e r ta in ty  co m p o n e n ts  a re  o b ta in e d  by 
c re a tin g  P o isso n  rep licas  o f th e  sy s te m a tic a lly  v a ried  sp e c tra , o b ta in e d  as ex p la in ed  in  sec­
tio n  7 . Such s ta t is t ic a l  u n c e r ta in tie s  a re  used  to  e v a lu a te  th e  sign ificance of th e  u n c e r ta in ty  
fo r each  co m p o n e n t a n d  fo r each  b in  o f all th e  d iffe ren tia l d is tr ib u tio n s . A s in  th e  case 
o f th e  u n fo ld in g  u n c e rta in ty , th e  un fo lded-level u n c e r ta in ty  d u e  to  each  JE S  co m p o n e n t 
is th e n  re b in n e d  a n d  sm o o th e d  usin g  a  G a u ss ia n  k erne l reg ression  in  o rd e r  to  g e t s ta t is ­
t ic a l u n c e r ta in tie s  sm a lle r th a n  40%  in  all b ins. T h e  ty p ic a l size o f th e  JE S  u n c e r ta in ty  
is 4 -15% .
J e ts  m ay  be  affec ted  by  a d d itio n a l en e rg y  o r ig in a tin g  from  p ile -u p  in te ra c tio n s . T h is  
effect is c o rre c ted  fo r as p a r t  of th e  je t  en e rg y  c a lib ra tio n . T h e  d is tr ib u tio n s  w ere b in n ed  
in  d iffe ren t ran g es  o f th e  average  n u m b e r of in te ra c tio n s  p e r  b u n ch  c ro ssin g  in  o rd e r  to  te s t  
th e  possib le  p resence  o f re s id u a l effects. N o sign ifican t d e v ia tio n s  w ere observ ed , th e re fo re  
no  u n c e r ta in ty  a sso c ia te d  w ith  p ile -u p  m ism o d ellin g  w as co n sid e red  b ey o n d  th e  p ile -u p  
u n c e r ta in ty  a lre a d y  in c lu d ed  in  th e  je t  c a lib ra tio n  p ro ced u re .
T h e  J E R  h as b een  m easu red  in  d a ta  u sin g  d ije t ev en ts  [62], a n d  an  u n c e r ta in ty  w as 
d e riv ed  from  th e  d ifferences seen  b e tw een  d a ta  a n d  M C  p re d ic tio n . In  g en era l, th e  en ­
erg y  re so lu tio n  o bserved  in  d a ta  is so m ew h a t w orse th a n  th a t  in  M C  s im u la tio n s . T h e  
u n c e r ta in ty  on  th e  o b serv ab les  c a n  th e re fo re  be  e v a lu a te d  by  sm ea rin g  th e  en e rg y  o f th e  
re c o n s tru c te d  je ts  in  th e  M C  sim u la tio n . A fte r  a p p ly in g  th is  sm ea rin g  to  th e  je ts , a n  a l­
te rn a tiv e  u n fo ld in g  m a tr ix  is d eriv ed  an d  used  to  unfo ld  th e  n o m in a l M C  p re d ic tio n . T h e n  
th e  M C  d is tr ib u tio n  is un fo ld ed  u sin g  b o th  th e  n o m in a l a n d  th e  sm ea red  m a tric e s , a n d  th e  
d ifference b e tw een  th e  tw o  is sy m m e trise d  a n d  ta k e n  as th e  J E R  sy s te m a tic  u n c e rta in ty . 
T h e  ty p ic a l size o f th is  u n c e r ta in ty  is 1 -10%  o f th e  cross sec tion .
T h e  je t  a n g u la r  re so lu tio n  w as e s tim a te d  in  M C  s im u la tio n  for th e  p se u d o ra p id ity  an d  
0  by  m a tc h in g  sp a tia lly  je ts  a t  th e  re c o n s tru c te d  a n d  p a r tic le  level, a n d  fo u n d  to  b e  <  2%. 
T h is  is in  ag reem en t w ith  in -s itu  m e a su re m e n ts , so no  sy s te m a tic  u n c e r ta in ty  is assigned .
F ina lly , th e  u n c e r ta in ty  on  th e  in te g ra te d  lu m in o sity  is ± 2 .8 % . I t  is d e riv ed  follow ing 
th e  sam e  m e th o d o lo g y  as t h a t  d e ta ile d  in  ref. [63].
T w o ex am p les  o f th e  values o f th e  to ta l  e x p e rim e n ta l sy s te m a tic  u n c e r ta in ty  a re  show n 
in  figure  3 fo r tw o  re p re se n ta tiv e  v ariab les , n am e ly  H x  a n d  A 02-m . T h e  je t  en e rg y  scale 
a n d  re so lu tio n  u n c e r ta in tie s  d o m in a te  in  th e  m a jo r ity  o f b in s, b e in g  la rg e r a t  th e  h igh  an d  
low en d s o f th e  H x  sp e c tru m . T h e  un fo ld in g  u n c e r ta in ty  is n ea rly  as la rg e  a t  low values of 
th e  je t  m o m e n ta , a n d  it is th e re fo re  a n  im p o r ta n t  c o n tr ib u tio n  in  m o st o f th e  A 0 j jm b ins.
9 R esu lts
T h e  v a rious d iffe ren tia l c ross sec tio n s m e asu red  in  ev en ts  w ith  a t  least fo u r je ts  a re  show n 
in  figures 4 to  19 for je ts  re c o n s tru c te d  w ith  th e  a n ti-k t a lg o r ith m  w ith  R  =  0.4. T h e  
o b serv ab les  u sed  fo r th e  m e a su re m e n ts  a re  defined  in  ta b le  1 . T h e  m e a su re m e n ts  a re  p e r­
fo rm ed  fo r a  w ide  ran g e  o f je t  tra n sv e rse  m o m e n ta  from  64 G eV  to  severa l T eV , sp a n n in g





(a) H t. (b) A j
F ig u re  3. Total system atic uncerta in ty  in the four-jet cross section m easurem ent for an ti-k t R  =  0.4 
je ts  as a function of (a) H T and (b) A ^ ™ . In b o th  cases the  event selection corresponds to  the 
inclusive analysis cuts, nam ely p T  >  64 GeV, p T  >  100 GeV and A R Jjln >  0.65. Separate bands 
show the je t energy scale (JES) and resolution (JE R ), and the unfolding uncertainty, as well as 
the combined to ta l system atic uncertain ty  resulting from adding in quadra tu re  all the  com ponents. 
The to ta l s ta tistical uncerta in ty  of the  unfolded d a ta  spectrum  is also shown. The lum inosity 
uncertain ty  is not shown separately bu t is included in the to ta l uncertain ty  band.
tw o  o rd e rs  o f m a g n itu d e  in  p T a n d  over seven  o rd e rs  o f m a g n itu d e  in  cross sec tio n . T h e  
m easu red  cross sec tio n s a re  co rre c ted  for a ll d e te c to r  effects u sin g  th e  u n fo ld in g  p ro ce ­
d u re  d e sc rib ed  in  sec tio n  7 . T h e  th e o re tic a l p re d ic tio n s  d esc rib ed  in  sec tio n s 4 a n d  5 a re  
co m p a re d  to  th e  un fo ld ed  re su lts .
S um m ary o f  th e  resu lts . T h e  scale  fac to rs  ap p lied  to  L O  g e n e ra to rs  (see sec tio n  5 .1) 
a re  fo u n d  to  v a ry  b e tw een  0.6 a n d  1.4, as show n p rev io u sly  in  ta b le  3 . N o t a ll g en e r­
a to rs  d e sc rib e  th e  sh a p e  o f pT1) co rrec tly , so th e se  scale fa c to rs  sh o u ld  n o t be  seen  as a 
m easu re  o f th e  level o f ag reem en t b e tw een  M C  s im u la tio n  a n d  d a ta ,  w h ich  m ay  v a ry  as 
a  fu n c tio n  o f th e  c u ts  in  p ^  a n d  m 4j. T h e  cross sec tio n  p re d ic te d  by  B L a c k H a t /S h e r p a  
a n d  N J e t / S h e r p a  is la rg e r th a n  th a t  m easu red  in  d a ta ,  b u t  overall th e  d ifference is cov­
e red  by  th e  scale a n d  P D F  u n c e r ta in tie s  e v a lu a te d  usin g  N J e t / S h e r p a ,  w ith  o n ly  a  few 
ex cep tio n s . B l a c k H a t / S h e r p a  a n d  N J e t / S h e r p a  give id en tica l re su lts  w ith in  s ta tis t ic a l 
u n c e r ta in tie s ; th e re fo re  on ly  one  o f th e  tw o  ( N J e t / S h e r p a )  is d iscu ssed  in  th e  follow ing, for 
sim plicity . I t  is n ev erth e less  in te re s tin g  to  co m p a re  e x p e rim e n ta l re su lts  w ith  tw o  d ifferen t 
im p le m e n ta tio n s  o f th e  sam e  N L O  p Q C D  ca lc u la tio n s  as a n  a d d itio n a l cross-check .
In  g en era l, a n  excellen t d e sc r ip tio n  of b o th  th e  sh a p e  a n d  th e  n o rm a lisa tio n  o f th e  
v a riab les  is g iven  by  N J e t / S h e r p a .  T h e  sm all d ifferences fo u n d  a re  covered  by  th e o re tic a l 
a n d  s ta t is t ic a l  u n c e r ta in tie s  in  a lm o s t a ll cases; on ly  th e  ta ils  o f p ^  a n d  A y i) .^  h in t a t 
d e v ia tio n s  from  th e  m easu red  d is tr ib u tio n . M a d G r a p h + P y th i a  d e sc rib es  th e  d a ta  very  
w ell in  m o st reg ions o f p h ase  space , th e  m o st sign ifican t d isc re p a n c y  b e in g  in  th e  slopes of 
pT1) a n d  p T ^an d  d eriv ed  va riab les . H E J  a lso  p rov ides a  go o d  d e sc r ip tio n  o f m o st v ariab les;





th e  m o st s ign ifican t d isc re p a n c y  o ccu rs  for th e  a n g u la r  v a riab les  Ay^j™ a n d  Aymjax w hen  
p T  is sm all. H ow ever w h en  pT^ is la rge , H E J  d esc rib es  A y jjax b e t te r  th a n  N J e t /S h e r p a ,  
w h ich  h ig h lig h ts  one  of th e  s tre n g th s  o f th is  c a lc u la tio n . T h e  2 ^  2 M E  ca lc u la tio n s  
m a tc h e d  to  p a r to n  show ers p ro v id e  d iffe ren t levels o f a g reem en t d e p e n d in g  o n  th e  v a riab le  
s tu d ied ; th e  on ly  v a riab le  w hose sh a p e  is re a so n a b ly  well d e sc rib ed  by  b o th  P y t h i a  an d  
H e r w ig + +  is H x .
T h e  follow ing d iscu ssio n  is b ased  o n  th e  re su lts  o b ta in e d  a f te r  a p p ly in g  th e  p a r t ic u la r  
choice o f n o rm a lisa tio n  o f th e  th e o re tic a l p re d ic tio n s  as ex p la in ed  a t th e  b eg in n in g  o f th is  
sec tio n . N J e t /S h e r p a ,  w h ich  g en era lly  gives v e ry  good  a g reem en t w ith  th e  d a ta ,  is o n ly  
d iscu ssed  for th o se  cases w h ere  som e d e v ia tio n s  a re  p re sen t.
M om en tu m  variab les. T h e  m o m e n tu m  v ariab les  co m p rise  th e  p x  of th e  fo u r lead in g  
je ts  a n d  H x . P a r t  o f th e  im p o r ta n c e  o f th e se  v a riab les  lies in  th e ir  w ide  use in  ana lyses, 
a lo n e  o r  as in p u ts  to  m ore  co m p lex  o b servab les. T h e y  a re  a lso  in te re s tin g  in  th em selves: it 
h as  b een  show n th a t  th e  ra t io  o f th e  N L O  to  th e  L O  p re d ic tio n s  is re la tiv e ly  fla t across th e  
p T  sp e c tru m  w ith  a  m ax im u m  v a r ia tio n  o f a p p ro x im a te ly  25% [10]. P e rh a p s  su rp rising ly , 
th e  P S  d e sc r ip tio n  of p T ) w as fo u n d  to  be  b e t te r  th a n  th a t  o f pT1) in  th e  7 T e V  m u lti- je t 
m e a su re m e n t p u b lish ed  by  A T L A S [9].
F ig u re s  4 to  7 show  th e  p T d is tr ib u tio n s  of th e  lead in g  fo u r je ts . A ll th e  L O  g e n e ra to rs  
show  a  slope  w ith  re sp e c t to  th e  d a ta  in  th e  le ad in g  j e t  p T (figure 4) . T h e  ra tio s  of H e r -  
w ig + +  a n d  H E J  to  d a ta  a re  re m a rk a b ly  fla t above ~  500 G eV  a n d  ~  300 G eV  respective ly . 
M a d G r a p h + P y th i a  is w ith in  th e  e x p e rim e n ta l u n c e r ta in tie s  ab o v e  ~  300 G eV , a n d  it  is 
th e  o n ly  one  w ith  a  p o sitiv e  slope in  th e  ra t io  to  d a ta .
T h e  su b lead in g  je t  p T (figure 5) is well d esc rib ed  by  H E J , w hile  th e  L O  g e n e ra to rs  
show  s im ila r tre n d s  to  th o se  in  pT1). M a d G r a p h + P y th i a  d esc rib es  b o th  pT*)a n d  pT^w ell, as 
show n in figures 6 a n d  7 . A s th e  7 T e V  re su lts  su g g ested , P y t h i a  gives a  good  d e sc rip tio n  
o f th e  d is tr ib u tio n  o f pX^. H E J  a n d  H e r w ig + +  o v e re s tim a te  th e  n u m b e r  o f ev en ts  w ith  
h ig h  pT4). N J e t / S h e r p a  show s a  s im ila r  t r e n d  a t  h igh  pX^, b u t  th e  d isc re p a n c y  is m o stly  
covered  by  th e  th e o re tic a l u n c e r ta in tie s . H x , show n in  figure 8 , e x h ib its  fe a tu re s  s im ila r 
to  th o se  in  pXjP.
In  su m m ary , P y t h i a  a n d  H e r w ig + +  te n d  to  d e sc rib e  th e  p x  sp e c tru m  o f th e  lead in g  
je ts  w ith  s im ila r levels o f ag reem en t, w h ereas  P y t h i a  is b e t te r  a t  d esc rib in g  pX^. M ad - 
G r a p h + P y t h i a  does a  rea so n ab le  jo b  for all o f th e m , w hile  H E J  a n d  N J e t / S h e r p a  a re  
v e ry  good  fo r th e  lead in g  je ts  a n d  less so fo r pX^. T h is  cou ld  p e rh a p s  b e  im p ro v ed  by 
m a tc h in g  th e  ca lc u la tio n s  to  P S s.
M ass variab les. M ass v a riab les  a re  w ide ly  used  in  physics searches, an d  th e y  a re  also  
sen sitiv e  to  ev en ts  w ith  large  s e p a ra tio n s  b e tw een  je ts , w h ich  p u ts  th e  H E J  a n d  M ad - 
G r a p h + P y t h i a  p re d ic tio n s  to  th e  te s t ,  as th e y  a re  e x p e c te d  to  b e  esp ec ia lly  a c c u ra te  in 
th is  regim e.
T h e  d is tr ib u tio n  o f th e  to ta l  in v a ria n t m ass  m 4j is s tu d ie d  in  figure 9 . P y t h i a  an d  
M a d G r a p h + P y th i a  d e sc rib e  th e  d a ta  v e ry  well. H e r w ig + +  d esc rib es  th e  sh a p e  o f th e  
d a ta  b e tw een  1 T eV  a n d  3 -6  TeV . H E J  is m o stly  c o m p a tib le  w ith  th e  m e a su re m e n t, b u t





F ig u re  4. The four-jet differential cross section as a function of leading je t p T ( p ^ ) ,  com pared 
to  different theoretical predictions: P y th i a ,  H e r w ig + +  and M a d G r a p h + P y th i a  (top), and 
H E J , N J e t / S h e r p a  and B l a c k H a t / S h e r p a  (bottom ). For b e tte r comparison, the predictions 
are m ultiplied by the factors indicated in the legend. In each figure, the top  panel shows the 
full spectra  and the  bo ttom  panel the ratios of the different predictions to  the data . The solid 
band  represents the  to ta l experim ental system atic uncertain ty  centred a t one. The pa tte rned  band 
represents the  NLO scale and PD F uncertainties calculated from N J e t / S h e r p a  centred a t the 
nom inal N J e t / S h e r p a  values. The scale uncertainties for H E J  (not drawn) are typically +3o%. 
The ra tio  curves are formed by the central values w ith vertical uncerta in ty  lines resulting from 
the propagation of the sta tistical uncertainties of the predictions and those of the unfolded d a ta  
spectrum .





(2)Figure 5. Unfolded four-jet differential cross section as a function of , compared to different






(3 )Figure 6 . Unfolded four-jet differential cross section as a function of p^U, compared to different
theoretical predictions. The other details are as for figure 4.





Figure 7 . Unfolded four-jet differential cross section as a function of pT ), compared to different
theoretical predictions. The other details are as for figure 4.





Figure 8 . Unfolded four-jet differential cross section as a function of HT, compared to different
theoretical predictions. The other details are as for figure 4.





Figure 9 . Unfolded four-jet differential cross section as a function of m 4j , com pared to  different 
theoretical predictions. The o ther details are as for figure 4 . Some points in the  ra tio  curves for 
N J e t/S h e rp a  fall outside the y-axis range, and thus the NLO uncertain ty  is shown partially, or 
not shown, in these particu lar bins.





th e  ra t io  to  d a ta  h as  a  b u m p  s tru c tu re  in  th e  reg ion  o f a p p ro x im a te ly  1 to  2 TeV . T h is  
fe a tu re  is a lso  sh a re d  by  N J e t / S h e r p a , b u t  th e  d ifferences w ith  re sp e c t to  th e  d a ta  a re  
covered  by  th e  N L O  u n c e rta in tie s .
T h e  d e sc r ip tio n  of d iffe ren t s p li t t in g  scales is te s te d  in  figure 10 th ro u g h  th e  v a riab le  
m ™ / m 4 j. T h is  d is tr ib u tio n  is well d e sc rib ed  by  P y t h i a ,  w h ereas  H e r w ig + +  g e ts  w orse 
w ith  in c reas in g  m 4 j, c o n s is te n tly  o v e re s tim a tin g  th e  tw o  en d s of th e  m ™ / m 4j sp e c tru m . 
M a d G r a p h + P y th i a  p rov ides a  v e ry  good  d e sc rip tio n , w ith  a  fla t ra tio  fo r a ll th e  m 4j 
c u ts . T h e  H E J  p re d ic tio n  show s tre n d s  s im ila r  to  th o se  o f H e r w ig + +  a t  h ig h e r values of 
m 4 j. T h ese  d ifferences a re  covered  in  all cases by  th e  la rg e  a sso c ia ted  scale u n c e rta in ty . 
N J e t / S h e r p a  o v e re s tim a te s  th e  n u m b e r o f ev en ts  in  th e  very  first b in , p o ssib ly  d u e  to  th e  
lack  of a  P S , b u t  o th e rw ise  ag rees w ith  th e  d a ta  w ith in  th e  th e o re tic a l u n c e rta in tie s .
O vera ll, M a d G r a p h + P y th ia  p ro v id es  th e  b e s t d e sc r ip tio n  o f m ass v a riab les.
A n gu lar  variab les. S im ila rly  to  m ass  v ariab les , a n g u la r  v a riab les  a re  ab le  to  te s t  th e  
d e sc r ip tio n  o f ev en ts  w ith  sm all- a n d  w ide-ang le  ra d ia tio n . In  a d d itio n , th e y  ca n  also  
p ro v id e  in fo rm a tio n  on  th e  g loba l sp a tia l  d is tr ib u tio n  o f th e  je ts .  H ig h -p T , la rg e -an g le  
ra d ia tio n  shou ld  be  well c a p tu re d  by  th e  M E + P S  d e sc r ip tio n  of M a d G r a p h + P y th i a ,  o r 
th e  a ll-o rd e rs  a p p ro x im a tio n  o f H E J  —  p a r tic u la r ly  th e  ra p id ity  v a riab les  A y ™ , Ayï!jax 
a n d  A y ™ . P S  g e n e ra to rs  a re  e x p e c te d  to  p e rfo rm  p o o rly  a t  la rg e  angles, g iven  th a t  th e y  
o n ly  c o n ta in  tw o  h a rd  je ts , a n d  th e  re s t is left to  th e  soft- a n d  co llin ea r-en h an ced  P S . 
T h e  fix ed -o rd e r N L O  p re d ic tio n  o f N J e t / S h e r p a  sh o u ld  p ro v id e  a  v e ry  good  d e sc rip tio n  
o f th e se  v a riab le s  to o , as long  as th e y  a re  fa r  from  th e  in fra red  lim it. T h is  is in d eed  th e  
case, a n d  th e re fo re  no  d e ta ile d  co m m en ts  a b o u t its  p e rfo rm a n c e  a re  g iven  here.
F ig u re  11 co m p are s  th e  d is tr ib u tio n s  o f A 0 ™  for d iffe ren t c u ts  in  P y t h i a  h as  a 
sm all d o w n w ard s slope  w ith  re sp e c t to  th e  d a ta  in  a ll th e  p T  ranges. M a d G r a p h + P y th i a  
also  show s a  sm all slope. T h e  o th e r  g e n e ra to rs , b o th  LO  a n d  N L O , re p ro d u c e  th e  d a ta  
v e ry  well. H e r w ig + + ,  in  p a r tic u la r , p rov ides a  v e ry  go o d  d e sc r ip tio n  of th e  d a ta .
T h e  A 0 ™  sp e c tru m  is show n in  figure  12 . T h e  d iffe ren t p T  c u ts  ch an g e  th e  sp a tia l 
d is tr ib u tio n  o f th e  even ts, such  th a t  a t  low p T  m o st ev en ts  c o n ta in  tw o  je ts  reco iling  
a g a in s t tw o, w hile  a t  h igh  p^P th e  ev en ts  w h ere  one  je t  recoils a g a in s t th re e  d o m in a te . In  
g en era l, th e  d e sc r ip tio n  o f th e  d a ta  im proves as p T  increases. F o r P y th i a ,  th e  n u m b e r 
o f ev en ts  w h ere  one  je t  recoils a g a in s t th re e  (low  A ^ ™ )  is s ig n ifican tly  o v e re s tim a te d  
w h en  p T  is low; as p ^  increases, th e  a g reem en t im proves such  th a t  th e  p ^  >  1000 G eV  
reg ion  is very  w ell d e sc rib ed . M a d G r a p h + P y th i a ,  H e r w ig + +  a n d  H E J  a re  m o s tly  in  
g o o d  a g reem en t w ith  d a ta .
F ig u re  13 co m p are s  th e  d is tr ib u tio n s  of A y ™  w ith  d a ta .  T h is  v a riab le  is re m a rk a b ly  
w ell d e sc rib ed  by  P y t h ia , show ing  no  sign ifican t tre n d . M a d G r a p h + P y th ia  m o s tly  u n ­
d e re s tim a te s  h igh  A y ™  values, w hile  H er w ig + +  h as  a  te n d e n c y  to  u n d e re s tim a te  th e  low 
values. H E J  o v e re s tim a te s  th e  n u m b e r o f ev en ts  w ith  h igh  A y ™  values a t  low p ^ ,  b u t 
d e sc rib es  th e  d a ta  very  w ell a t  la rg e r values o f p ^ .
F o r th e  v a riab le  A y ™ , p re se n te d  in  figure  14, th e  p re d ic tio n s  p ro v id ed  by  P y th ia  an d  
H e r w ig + +  show  in  g en era l a  p o sitiv e  slope  w ith  re sp e c t to  th e  d a ta .  M a d G r a p h + P y th ia





Figure 10. Unfolded four-jet differential cross section as a function of m 2jln/m 4 j , com pared to  
different theoretical predictions: P y th ia , H erw ig + +  and M adG raph + P y th ia  (top), and H E J , 
N J e t/S h e rp a  and B L ackH at/S herpa  (bottom ). For b e tte r comparison, the  predictions are mul­
tiplied by the  factors indicated in the legend. In each figure, the left panel shows the full spectra  and 
the right panel the ratios of the different predictions to  the data , divided according to  the selection 
criterion applied to  m 4j . The solid band represents the  to ta l experim ental system atic uncertain ty  
centred a t one. The p a tte rned  band  represents the NLO scale and PD F uncertainties calculated 
from N J e t/S h e rp a  centred at the nom inal N J e t/S h e rp a  values. The scale uncertainties for 
H EJ (not drawn) are typically +3o%. The ratio  curves are formed by the central values and vertical 
uncertain ty  lines resulting from the propagation of the sta tistical uncertainties of the  predictions 
and those of the unfolded d a ta  spectrum .





Figure 11 . Unfolded four-jet differential cross section as a function of A ^j™ , com pared to  dif­
ferent theoretical predictions. The o ther details are as for figure 10, bu t here the  m ultiple ra tio  
plots correspond to  different selection criteria applied to  p T . Some points in the ra tio  curves for 
N J e t / S h e r p a  fall outside the y-axis range, and thus the NLO uncerta in ty  is shown partially, or 
not shown, in these particu lar bins.





Figure 12 . Unfolded four-jet differential cross section as a function of A ^§jln, com pared to  different 
theoretical predictions. The o ther details are as for figure 11. Some points in the ra tio  curves for 
N J e t / S h e r p a  fall outside the y-axis range, and thus the NLO uncerta in ty  is shown partially, or 
not shown, in these particu lar bins.





Figure 13 . Unfolded four-jet differential cross section as a function of Ay™", com pared to  different 
theoretical predictions. The o ther details are as for figure 11. Some points in the ra tio  curves for 
N J e t / S h e r p a  fall outside the y-axis range, and thus the NLO uncerta in ty  is shown partially, or 
not shown, in these particu lar bins.





Figure 14 . Unfolded four-jet differential cross section as a function of Aymjln, com pared to  different 
theoretical predictions. The o ther details are as for figure 11. Some points in the ra tio  curves for 
N J e t / S h e r p a  fall outside the y-axis range, and thus the NLO uncerta in ty  is shown partially, or 
not shown, in these particu lar bins.





re p ro d u c e s  th e  sh a p e  o f th e  d a ta  well, as does H E J  fo r p ^  >  400 G eV . H ow ever, fo r sm alle r 
va lues o f p ^  H E J  o v e re s tim a te s  th e  n u m b e r of ev en ts  a t  th e  en d  o f th e  sp e c tru m , as w as 
th e  case  for A y ™ .
T h e  v a riab le  Ayï!jax, show n in  figure  15 , is v e ry  well d e sc rib ed  by  H E J  in  ev en ts  w ith  
p T 1 >  400 G eV . T h e  ra tio s  to  d a ta  in  b o th  P y t h i a  a n d  H e r w ig + +  have  u p w ard s  slopes 
in  all p ^ 1 b ins. M a d G r a p h + P y th i a  p ro v id es  m o s tly  a  good  d e sc r ip tio n  of th e  d a ta ,  w ith  
a  te n d e n c y  to  u n d e re s tim a te  th e  ex tre m e s  o f th e  d is tr ib u tio n . In te re s tin g ly , N J e t / S h e r p a  
seem s to  o v e re s tim a te  th e  n u m b e r o f ev en ts  in  th e  ta il , a lth o u g h  it is a  s ta tis t ic a lly  lim ited  
reg ion  a n d  th e  c o m p ariso n  w ith  B l a c k H a t / S h e r p a  is n o t conclusive.
In  su m m ary : N J e t / S h e r p a  m o s tly  agrees w ith  th e  d a ta  w ith in  th e  u n c e rta in tie s , b u t 
its  ra t io  to  d a ta  h as  an  u p w ard s  t r e n d  in  th e  ta i l  o f Ayï!jax. H E J  p ro v id es a  very  good  
d e sc r ip tio n  o f all a n g u la r  v a riab les  fo r th e  reg ion  p ^ 1 >  400 G eV , as ex p e c te d , b u t  show s 
s ign ifican t d isc rep an c ies  w ith  re sp ec t to  th e  d a ta  in  all th e  ra p id ity  v a riab les  fo r low er p^P 
values. I t  is im p o r ta n t  to  keep  in  m in d , th o u g h , t h a t  th e  a sso c ia te d  scale  u n c e r ta in tie s  are  
la rge . M a d G r a p h + P y th i a  d esc rib es  all th e  d a ta  well, a p a r t  from  th e  ta il  o f A y ™  an d  
th e  e x tre m e  values o f A y 2 jax, w h ich  it  u n d e re s tim a te s . H e r w ig + +  gives good  d e sc rip tio n s  
o f th e  <fi v a riab les , b u t  fails a t  d esc rib in g  th e  ra p id ity  va riab les . P y t h i a  has som e p ro b lem s 
d esc rib in g  b o th  th re e - je t  va riab les , as well as Ayï!jax. T h ese  v a riab les  h ig h lig h t th e  need 
to  com bine  fo u r-je t M E  ca lc u la tio n s  w ith  p a r to n  show ers.
^pcentra! variab les. T h e  v a riab le s  se tt in g  a  m in im u m  fo rw ard -b ack w ard  ra p id ity  in ­
te rv a l a n d  m e a su rin g  th e  to ta l  p T o f th e  c e n tra l je ts  (XpTentral) w ere defined  to  te s t  th e  
fram ew o rk  of H E J . H E J  h as  b een  desig n ed  to  d e sc rib e  ev en ts  w ith  tw o  je ts  s ig n ifican tly  
s e p a ra te d  in  ra p id ity  w ith  a d d itio n a l, c e n tra l, h igh-pT  ra d ia tio n . T h ese  v a riab les  a re  a lso  
u sefu l to  d e sc rib e  th e  sp a tia l  c o n fig u ra tio n  o f th e  even ts, as th e y  re p re se n t th e  fo rw ard ­
b ack w ard  ra p id ity  sp a n  o f th e  je ts ,  a n d  w h e th e r  th e  lead in g  je t  is am o n g  th e  tw o  c e n tra l 
ones o r  n o t. T h e  N L O  p re d ic tio n s  a n d  M a d G r a p h + P y th i a  a re  a lso  e x p e c te d  to  b e  suc­
cessfu l in  th is  reg im e, w h ereas  th e  2  ^  2  g e n e ra to rs  w ith  P S s  a re  e x p e c te d  to  b e  less 
su itab le .
T h e  v a riab le  XpTentral is s tu d ie d  fo r va lues o f A y 2 jax la rg e r th a n  1, 2, 3 o r  4, a n d  for 
d iffe ren t c u ts  in  pT11. In  m o st cases, th e  d e sc r ip tio n  o f th e  o b se rv ab le  w orsens sig n ifican tly  
w ith  in c reas in g  A y 2 -ax an d  pT11. F ig u re s  16 to  19 co rre sp o n d  to  th e  re su lts  for A y 2 jax >  
1, 2, 3, 4.
T h e  g e n e ra to rs  w ith  2 ^  2 M E s have  p ro b lem s d esc rib in g  th e  d a ta  a ro u n d  th e  th re s h ­
o ld  values w h ere  th e  c o n tr ib u tio n  from  d iffe ren t je ts  changes, w h ich  re su lts  in  k inks in  th e  
r a t io  d is tr ib u tio n s . O ne such  t r a n s i t io n  o ccu rs  a t  th e  SpÇ întral v a lue  for w h ich  th e  lead in g  
je t  is firs t allow ed to  b e  c e n tra l. F o r pT11 >  400 G eV , th is  h a p p e n s  a t  S pT întral >  464 G eV , 
a t  w hich  p o in t th e re  is a  m a jo r  ju m p  in  P y t h i a  in  th e  second  ra t io  p lo t o f figure 16. 
P y t h i a  gives in  g en era l th e  m o st d is c re p a n t p re d ic tio n , w ith  k inks in  th e  ra t io  to  d a ta  a t  
th e  t r a n s i t io n  p o in ts  t h a t  reach  d ifferences of 70% a t  h ig h  pT11, as well as g loba l slopes. 
H e r w ig + +  d esc rib es  th e  d a ta  v e ry  well a t  low er A y 2 jax values, b u t  as Ayï!jax grow s its  
n o rm a lisa tio n  w orsens, as well as th e  sh a p e  —  p a r tic u la r ly  a t  h igh  pT11.





Figure 15 . Unfolded four-jet differential cross section as a function of Aymjax, com pared to  different 
theoretical predictions. The o ther details are as for figure 11. Some points in the ra tio  curves for 
N J e t/S h e rp a  fall outside the y-axis range, and thus the NLO uncertain ty  is shown partially, or 
not shown, in these particu lar bins.





Figure 16. Unfolded four-jet differential cross section as a function of £pTentral with Aymjax > 1,
compared to different theoretical predictions. The other details are as for figure 11.





Figure 17. Unfolded four-jet differential cross section as a function of £pTentral with Aymjax > 2,
compared to different theoretical predictions. The other details are as for figure 11.





Figure 18. Unfolded four-jet differential cross section as a function of £pTentral with Ay2!jax > 3,
compared to different theoretical predictions. The other details are as for figure 11.





Figure 19. Unfolded four-jet differential cross section as a function of £pTentral w ith Aymjax >  4, 
com pared to  different theoretical predictions. The o ther details are as for figure 11. Some points 
in the ra tio  curves for N J e t/S h e rp a  fall outside the y-axis range, and thus the NLO uncertain ty  
is shown partially, or not shown, in these particu lar bins.





M a d G r a p h + P y th i a  p ro v id es  a n  exce llen t d e sc r ip tio n  o f th e  EpTentral v ariab les , es­
p ec ia lly  a t  low pT1}. T h e  ag reem en t d e te r io ra te s  a t  h ig h  p (T \  b u t  it  is n o t very  m uch 
a ffec ted  by  th e  changes b e tw een  d iffe ren t je t  c o n fig u ra tio n s , p ro v id in g  overall a  very  good  
d e sc r ip tio n  of th e  sh ap es . M o st d is tr ib u tio n s  a re  w ell d e sc rib ed  by  H E J , e sp ec ia lly  th e  h igh  
XpTentral region; th e  low EpTentral reg ion  show s m ore  sh a p e  d ifferences, w h ich  g e t w orse a t  
la rg e  A y 2 j ax. T h is  is co m p a tib le  w ith  s im ila r o b se rv a tio n s  m ad e  in  p rev io u s A T L A S m ea ­
su re m e n ts  p e rfo rm ed  w ith  7 T e V  d a ta  [64], w h ere  it w as a lso  show n th a t  th e  ag reem en t 
w as sig n ifican tly  im p ro v ed  a f te r  in te rfac in g  H E J  w ith  a  P S  g e n e ra to r . N J e t / S h e r p a  has 
a  te n d e n c y  to  o v e re s tim a te  th e  n u m b e r  o f ev en ts  w ith  very  low SpT?ntral, w h ich  m ay  be  
c o rre la te d  w ith  th e  pT^ d isc re p a n c y  d iscu ssed  ea rlie r. I t  p ro v id es a  v e ry  good  d e sc r ip tio n  
o f th e  d a ta  o th e rw ise .
T ab les  4 to  49 in  a p p e n d ix  A  c o n ta in  th e  n u m erica l values of th e  m easu red  d iffe ren tia l 
c ross sec tio n s a n d  th e ir  co rre sp o n d in g  u n c e rta in tie s . T h e  q u o te d  values co rre sp o n d  to  th e  
av erag e  d iffe ren tia l c ross sec tio n s over th e  b in  ran g es  g iven
10 C onclusion
T h is  p a p e r  p re se n ts  un fo ld ed  d iffe ren tia l c ross sec tio n s of ev en ts  w ith  a t  le a s t fo u r je ts  in  
p p  co llisions a t  8 T e V  cen tre -o f-m ass energy. T h e  cross sec tio n s a re  s tu d ie d  as a  fu n c tio n  
o f a  v a rie ty  o f k in e m a tic  a n d  to p o lo g ica l v a riab les  w hich  in c lu d e  m o m e n ta , m asses an d  
ang les. E v e n ts  a re  se lec ted  if th e  fo u r a n ti-k t R  =  0.4 je ts  w ith  th e  la rg es t tra n sv e rse  
m o m e n tu m  w ith in  th e  ra p id ity  ra n g e  |y | <  2.8 a re  w ell s e p a ra te d  (AR^j™ >  0.65), all have 
p T >  64 G eV , a n d  in c lu d e  a t  le a s t one  je t  w ith  p T >  100 G eV . T h e  re su lts  a re  o b ta in e d  
from  th e  an a ly s is  o f th e  fu ll d a ta s e t  co llec ted  by  th e  A T L A S d e te c to r  a t  th e  L H C  in 2012, 
w h ich  co rre sp o n d s  to  a  to ta l  in te g ra te d  lu m in o sity  o f 20.3 fb - 1 . T h e  to ta l  e x p e rim e n ta l 
sy s te m a tic  u n c e r ta in ty  is ty p ic a lly  o f th e  o rd e r  o f 10% , a n d  it is d o m in a te d  by  th e  je t  
en e rg y  scale  c a lib ra tio n  u n c e rta in ty .
T h e  m e a su re m e n ts  a re  co m p ared  to  N L O  p Q C D  p re d ic tio n s  p ro v id ed  by  B lack­
H a t / S h erpa  a n d  N J e t / S h e r p a , as w ell as th e  a ll-o rd e rs  c a lc u la tio n  p ro v id ed  by  H E J . 
T h re e  lead in g -o rd e r ca lc u la tio n s  a re  a lso  co n sid ered , in c lu d in g  tw o  2 ^  2 P S  sam p les  
( P y th ia  an d  H E R w ig + + ) a n d  a  m u lti-leg  c a lc u la tio n  w ith  u p  to  fo u r p a r to n s  in  th e  M E  
m a tc h e d  to  a  P S  g e n e ra te d  by  P y th ia  (M a d G r a p h + P y t h ia ).
T h e  LO  cross sec tio n s a n d  H E J  a re  n o rm a lised  by  fixed fac to rs  to  fa c ilita te  th e  co m ­
p a riso n  of th e  s p e c tra  in  th e  k in e m a tic  reg ions of in te re s t; th e se  fa c to rs  v a ry  b e tw een  0.6 
a n d  1.4 for th e  d iffe ren t sam ples, w h ere  th e  M a d G r a p h + P y th i a  a n d  H E J  sam p les  a re  
th e  ones t h a t  need  th e  sm a lle s t c o rrec tio n s . T h e  N L O  p red ic tio n s , B l a c k H a t / S h e r p a  an d  
N J e t / S h e r p a ,  a re  a lm o s t a lw ays c o m p a tib le  w ith  th e  d a ta  w ith in  th e ir  th e o re tic a l u n c e r­
ta in tie s , w hich  a re  fo u n d  to  b e  la rg e  (O (3 0 % ) a t  low m o m e n ta )  a n d  a sy m m e tric . W ith in  
th e  n o rm a lisa tio n  schem e used , M a d G r a p h + P y th i a  a lso  p rov ides a  go o d  d e sc r ip tio n  o f th e  
d a ta ,  as does H E J , esp ec ia lly  a t  h ig h  lead in g  je t  p T . T h e  2 ^  2 P S  ca lc u la tio n s  g en era lly  
d e sc rib e  th e  d a ta  re la tiv e ly  poorly , a lth o u g h  th e y  a re  fo u n d  to  p ro v id e  go o d  p red ic tio n s  
in  som e p a r t ic u la r  cases: P y t h i a  gives a  very  good  p re d ic tio n  of p T  a n d  Ay!)?“ , w hile 
H E R w ig + +  p erfo rm s w ell in  th e  a z im u th a l ang le  variab les .





L oo k in g  a t  th e  in d iv id u a l d is tr ib u tio n s  o f th e  d iffe ren tia l c ross sec tio n , th e  d e sc rip ­
tio n  of th e  je t  m o m e n ta  is c o m p a tib le  w ith  p rev io u s m e a su re m e n ts  o f th e  m u lti- je t cross 
sec tio n s. I t  shou ld  be  n o te d  th a t  H E J , N J e t / S h e r p a  a n d  B L a c k H a t /S h e r p a  give a  very  
g o o d  d e sc r ip tio n  o f th e  d is tr ib u tio n s  of th e  le ad in g  je ts  b u t  show  som e d isc re p a n c y  w ith  
th e  d a ta  for pT4 . F o r v a riab les  t h a t  a re  p a r tic u la r ly  sen sitive  to  w ide-ang le  c o n fig u ra tio n s  
a n d  h igh-pT  ra d ia tio n , such  as m asses o r ang les, B l a c k H a t /S h e r p a ,  N J e t / S h e r p a  an d  
M a d G r a p h + P y th i a  d o  a  re m ark ab le  jo b  overall. H E J  a lso  p rov ides a  go o d  d e sc rip tio n  
o f th e  d a ta ,  th e  m a in  ex cep tio n  b e in g  th a t  it  d isag rees w ith  th e  ra p id ity  m e a su re m e n ts  
in  ev en ts  w ith  low pT^. A t h igh  p T  th e  p re d ic tio n  is very  good . T h ese  m e a su re m e n ts  
ex p o se  th e  sh o rtco m in g s  o f 2 ^  2 p a r to n  M E + P S  p re d ic tio n s  in  a  v a rie ty  o f scenario s an d  
h ig h lig h t th e  im p o r ta n c e  o f th e  m o re  so p h is tic a te d  ca lcu la tio n s .
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A Tables o f th e  m easured cross section s
Bin Bin edges [GeV] da/d(pT]P) [fb/GeV] Ô a [%] [%] UJES [%] UJER [%] uunfold [%] Ulumi [%]
1 100-155 2.62 x 104 0.3 1.4 +9.7-8.7 5.2 8.4 2.8
2 155-235 1.47 x 104 0.3 0.6 +8.2-7.8 2.8 6.4 2.8
3 235-325 4.89 x 103 0.4 0.4 +6.7-6.7 1.5 4.3 2.8
4 325-420 1.35 x 103 < 0.1 0.3 +6.0-6.0 1.2 2.5 2.8
5 420-530 3.56 x 102 0.1 0.2 +6.4-6.2 1.1 1.6 2.8
6 530-650 9.2 x 101 0.2 0.3 +7.0-6.9 1.3 1.4 2.8
7 650-790 2.26 x 101 0.4 0.3 + 7.5 -7.5 1.5 1.3 2.8
8 790-950 5.34 0.8 0.2 +8.1-7.8 1.7 1.4 2.8
9 950-1130 1.19 2.1 0.2 +8.6-8.3 1.8 1.5 2.8
10 1130-1350 2.27 x 10-1 3.8 0.3 +9.7-9.0 2.0 1.7 2.8
11 1350-1630 3.40 x 10-2 9.1 0.3 +11.7-10.7 2.1 1.8 2.8
12 1630-4000 6.31 x 10-4 21.9 0.4 +14.5-13.2 2.5 1.9 2.8
T a b le  4. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of p T \  along w ith 
the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis cuts. 
All uncertainties are given in %. «Statt* («Stat) are the  sta tistical uncertainties due to  the num ber 
of d a ta  (MC sim ulation) events. The o ther columns correspond to  the  experim ental system atic 
uncertainties arising from JES, JE R , unfolding and luminosity, respectively.
Bin Bin edges [GeV] da/d(pT2)) [fb/GeV] [%] «Mat [%] UJES [%] uJER [%] uunfold [%] Ulumi [%]
1 64-145 2.85 x 104 0.2 0.8 +8.6-8.1 3.7 6.4 2.8
2 145-255 7.43 x 103 0.3 0.4 + 7.5 -7.1 1.7 4.2 2.8
3 255-385 7.61 x 102 0.4 0.3 +6.6-6.8 0.8 2.5 2.8
4 385-535 9.71 x 101 0.2 0.3 +6.7-6.9 0.7 2.0 2.8
5 535-715 1.36 x 101 0.6 0.3 + 7.5 -7.5 0.8 2.1 2.8
6 715-930 1.88 1.2 0.3 +8.4-8.1 0.9 2.3 2.8
7 930-1175 2.44 x 10-1 3.1 0.4 +9.3-8.5 1.0 2.4 2.8
8 1175-3000 4.91 x 10-3 9.2 0.4 +11.4-10.5 1.0 2.4 2.8
(2)
T a b le  5. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of pyx, along w ith 
the uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts. All 
o ther details are as for table 4 .





Bin Bin edges [GeV] da/d(pT3)) [fb/GeV] Ô a [%] AMS [%] UJES [%] UJER [%] uunfold [%] ulumi [%]
1 64-120 4.85 x 104 0.2 0.7 +8.6-8.0 3.4 5.8 2.8
2 120-205 5.87 x 103 0.3 0.6 + 7.3 -7.5 1.3 2.9 2.8
3 205-305 3.0 x 102 0.6 0.7 + 7.0 -6.8 0.4 1.7 2.8
4 305-425 1.94 x 101 0.5 0.8 +7.4-6.7 0.3 1.9 2.8
5 425-570 1.39 1.9 1.1 +7.8-7.3 0.2 2.1 2.8
6 570-2000 1.16 x 10-2 6.4 1.3 +10.8-8.7 0.2 2.7 2.8
(3)T a b le  6. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of p T , along w ith 
the uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts. All 
o ther details are as for table 4 .
Bin Bin edges [GeV] da/d(pT4)) [fb/GeV] AdM? [%] AMS [%] UJES [%] UJER [%] uunfold [%] ulumi [%]
1 64-85 1.18 x 105 0.2 0.7 +8.7-8.0 3.6 7.0 2.8
2 85-135 1.45 x 104 < 0.1 0.8 +8.7-8.1 2.9 3.1 2.8
3 135-190 7.65 x 102 0.1 1.1 +7.0-7.2 1.4 1.5 2.8
4 190-255 6.24 x 101 0.4 2.2 +5.8-5.9 0.8 1.9 2.8
5 255-330 5.37 1.2 3.4 +5.6-5.8 0.7 2.1 2.8
6 330-415 4.58 x 10-1 3.7 4.3 +6.1-6.8 0.7 2.1 2.8
7 415-1500 4.65 x 10-3 11.9 6.4 +6.5-7.5 0.7 2.1 2.8
T a b le  7. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of p T ), along w ith 
the uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts. All 
o ther details are as for table 4 .
Bin Bin edges [GeV] da/d(HT) [fb/GeV] Ataf [%] Atat [%] uJES [%] uJER [%] uunfold [%] Ulumi [%]
1 290-485 9.85 x 103 0.2 1.0 +8.8-8.3 4.0 7.8 2.8
2 485-705 4.73 x 103 0.3 0.4 +7.7-7.3 1.7 4.6 2.8
3 705-950 9.0 x 102 0.3 0.3 +6.7-6.7 0.7 2.2 2.8
4 950-1225 1.7 x 102 0.1 0.2 +6.6-6.6 0.6 1.5 2.8
5 1225-1530 3.35 x 101 0.2 0.3 +6.8-7.0 0.6 1.5 2.8
6 1530-1875 6.62 0.6 0.2 +7.3-7.7 0.7 1.5 2.8
7 1875-2265 1.29 1.1 0.3 +8.3-8.2 0.8 1.7 2.8
8 2265-2705 2.23 x 10-1 2.8 0.3 +9.3-8.4 0.8 1.6 2.8
9 2705-7000 4.88 x 10-3 6.4 0.3 +10.9-10.6 1.1 1.6 2.8
Table 8. Measured differential four-jet cross section for R =  0.4 jets, in bins of HT, along with
the uncertainties in the measurement. The events are selected using the inclusive analysis cuts. All
other details are as for table 4.





Bin Bin edges [GeV] da/d(m 4j) [fb/GeV] [%] [%] UJES [%] UJER [%] Uunfold [%] Ulumi [%]
1 100-545 1.36 x 103 0.5 2.7 +8.8-7.9 5.6 9.5 2.8
2 545-735 4.66 x 103 0.4 1.4 +8.3-7.9 3.5 6.4 2.8
3 735-935 3.55 x 103 0.4 1.2 +8.7-8.3 3.0 5.0 2.8
4 935-1150 2.2 x 103 0.4 1.6 +8.7-9.1 2.4 4.4 2.8
5 1150-1375 1.22 x 103 0.6 1.6 +9.8-9.2 2.1 3.9 2.8
6 1375-1620 6.09 x 102 0.6 1.7 + 10.0 -9.1 2.1 2.9 2.8
7 1620-1880 3.09 x 102 0.7 2.2 +9.0-9.6 2.1 2.6 2.8
8 1880-2160 1.37 x 102 1.0 2.2 +8.3-9.3 2.1 2.6 2.8
9 2160-2460 5.53 x 101 1.4 2.7 +8.5-9.0 2.1 3.1 2.8
10 2460-2780 2.28 x 101 2.0 3.0 +8.8-8.7 2.1 4.5 2.8
11 2780-3115 7.97 3.3 5.0 +9.1-8.8 2.1 5.3 2.8
12 3115-3460 2.71 3.0 4.9 +10.2-9.2 2.1 5.8 2.8
13 3460-3810 9.55 x 10-1 8.4 5.5 +10.6-9.4 2.1 6.0 2.8
14 3810-7000 4.66 x 10-2 12.4 6.9 +11.6-9.4 2.1 6.0 2.8
T a b le  9. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of m 4j, along w ith 
the uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts. All 
o ther details are as for table 4 .
Bin Bin edges da/d(rnmm/rn4j) [fb] 5dta‘ta [%] [%] UJES [%] UJER [%] Uunfold [%] Ulumi [%]
1 0-0.04 1.31 x 105 4.7 9.8 +9.5-7.8 3.3 7.0 2.8
2 0.04-0.08 4.74 x 106 0.7 2.5 +9.5-8.1 3.3 7.0 2.8
3 0.08-0.13 1.58 x 107 0.3 1.4 +8.7-8.5 3.3 7.0 2.8
4 0.13-0.17 1.85 x 107 0.3 1.3 +9.4-9.6 3.3 6.0 2.8
5 0.17-0.23 1.29 x 107 0.4 1.4 +8.5-8.1 3.3 4.0 2.8
6 0.23-0.3 4.69 x 106 0.5 2.5 +7.7-8.9 3.3 4.0 2.8
7 0.3-0.4 4.21 x 105 1.4 6.2 +11.0-4.8 2.0 10.2 2.8
T a b le  10. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of m ^ / m ^ ,  along 
w ith the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis 
cuts, as well as m 4j >  500 GeV. All o ther details are as for table 4 .
Bin Bin edges da/d(rnmm/rn4j) [fb] «Sdaa [%] [%] UJES [%] UJER [%] Uunfold [%] Ulumi [%]
1 0-0.04 1.34 x 105 4.6 9.7 +9.7-8.6 1.9 10.5 2.8
2 0.04-0.08 4.01 x 106 0.7 2.2 +9.8-8.9 1.9 10.5 2.8
3 0.08-0.13 6.79 x 106 0.4 1.4 +8.9-10.4 1.9 5.8 2.8
4 0.13-0.17 5.35 x 106 0.5 1.8 +9.4-7.9 1.9 5.5 2.8
5 0.17-0.23 2.21 x 106 0.6 1.8 +8.2-9.9 1.9 3.1 2.8
6 0.23-0.3 3.97 x 105 1.0 2.2 +7.1-7.5 1.9 3.1 2.8
7 0.3-0.4 1.78 x 04 2.7 5.9 +6.7-7.5 1.9 3.1 2.8
Table 11. Measured differential four-jet cross section for R =  0.4 jets, in bins of mïjjln/m 4j, along
with the uncertainties in the measurement. The events are selected using the inclusive analysis
cuts, as well as m4j > 1000 GeV. All other details are as for table 4.




































4 0.13-0.17 8.81 x 105 0.9 2.5 +8.7-8.9 2.1 4.8 2.8
5 0.17-0.23 2.63 x 105 0.9 1.9 +8.7-7.7 2.1 5.2 2.8
6 0.23-0.3 4.04 x 104 1.7 2.6 +9.3-7.1 2.1 5.2 2.8
7 0.3-0.4 2.03 x 103 2.2 5.9 +8.9-7.1 2.1 3.1 2.8
T a b le  12. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of mV1" /m 4j, along
w ith the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis
cuts, as well as m 4j >  1500 GeV. All o ther details are as for tab le  4 .
Bin Bin edges da/d (m mln/m 4j) [fb] AtaM [% AMS [%] UJES [%] UJER [%] uunfold [% Ulumi [%]
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5 0.17-0.23 3.64 x 104 1.1 2.5 +8.6-9.0 1.5 4.2 2.8
6 0.23-0.3 5.61 x 103 1.3 4.0 +8.6-9.0 1.5 4.2 2.8
7 0.3-0.4 1.85 x 102 5.9 11.3 +8.6-9.0 1.5 16.4 2.8
T a b le  13. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of mV1" /m 4j, along
w ith the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis
cuts, as well as m 4j >  2000 GeV. All o ther details are as for tab le  4 .
Bin Bin edges d a /d (A ^™n) [fb] 4"" [%] AMaS [%] UJES [%] UJER [%] uunfold [%] u lumi [%]
1 0-0.15 2.79 x 106 0.5 1.8 + 10.6 -6.5 3.8 2.1 2.8
2 0.15-0.3 2.81 x 106 0.5 1.7 + 9.6 -7.7 3.8 7.7 2.8
3 0.3-0.45 2.81 x 106 0.5 1.6 + 7.7 -8.6 3.5 6.1 2.8
4 0.45-0.6 2.87 x 106 0.5 2.0 + 7.2 -8.5 3.5 6.1 2.8
5 0.6-0.75 3.12 x 106 0.4 1.7 + 7.2 -8.4 3.5 7.6 2.8
6 0.75-0.9 2.62 x 106 0.5 2.3 +8.9-9.4 3.7 7.5 2.8
7 0.9-1.05 1.95 x 106 0.6 2.5 +9.5-8.8 3.7 6.6 2.8
8 1.05-1.2 1.52 x 106 0.8 3.1 +7.8-8.6 3.7 6.6 2.8
9 1.2-1.35 9.07 x 105 1.0 4.8 +7.8-8.6 3.7 11.0 2.8
10 1.35-1.6 1.6 x 105 1.9 9.1 +7.5-14.4 3.7 11.0 2.8
Table 14. Measured differential four-jet cross section for R =  0.4 jets, in bins of AA™, along with
the uncertainties in the measurement. The events are selected using the inclusive analysis cuts. All
other details are as for table 4.





Bin Bin edges da /d (A ^™ n) [fb] 4a a [%] e s  [%] u JES [%] u JER [%] uunfold [%] u lumi [%]
1 0-0.15 8.98 x 104 0.2 0.4 + 6.4 -6.5 0.9 3.3 2.8
2 0.15-0.3 8.31 x 104 0.2 0.5 + 6.4 -6.2 0.9 3.0 2.8
3 0.3-0.45 7.37 x 104 0.2 0.5 + 6.6 -6.2 1.5 2.4 2.8
4 0.45-0.6 6.61 x 104 0.3 0.5 + 5.9 -6.3 1.5 3.7 2.8
5 0.6-0.75 6.28 x 104 0.3 0.6 + 6.1 -6.7 1.3 2.5 2.8
6 0.75-0.9 4.07 x 104 0.3 0.6 +6.4-6.4 1.3 2.2 2.8
7 0.9-1.05 2.41 x 104 0.4 0.9 +5.9-6.8 1.8 3.6 2.8
8 1.05-1.2 1.26 x 104 0.7 1.3 +5.9-6.3 1.8 2.8 2.8
9 1.2-1.35 5.47 x 103 0.9 2.1 +5.9-5.6 1.8 2.8 2.8
10 1.35-1.6 1.11 x 103 1.5 3.7 +6.4-5.1 1.8 2.8 2.8
T a b le  15. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of A ^ ™ , along w ith 
the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis cuts, as 
well as >  400 GeV. All o ther details are as for tab le  4 .
Bin Bin edges da /d (A ^™ n) [fb] A ta t [%] ^Mtas [%] u JES [%] u JER [%] uunfold [%] u lumi [%]
1 0-0.15 3.57 x 103 1.1 0.4 +7.4-7.8 1.8 2.2 2.8
2 0.15-0.3 3.37 x 103 1.2 0.4 +7.8-7.6 1.3 3.7 2.8
3 0.3-0.45 2.94 x 103 1.3 0.5 +7.1-7.4 1.7 3.3 2.8
4 0.45-0.6 2.45 x 103 1.5 0.5 +7.6-7.5 1.9 2.8 2.8
5 0.6-0.75 2.26 x 103 1.3 0.6 +7.6-7.3 2.1 2.5 2.8
6 0.75-0.9 1.37 x 103 2.0 0.8 +8.6-8.1 1.6 2.7 2.8
7 0.9-1.05 7.54 x 102 2.5 0.9 +6.8-9.0 1.6 2.7 2.8
8 1.05-1.2 3.5 x 102 3.4 1.6 + 9.0 -7.5 1.6 5.3 2.8
9 1.2-1.35 1.4 x 102 5.7 2.3 +10.6-6.4 1.6 3.2 2.8
10 1.35-1.6 3.72 x 101 9.3 4.7 +8.0-6.4 1.6 3.2 2.8
T a b le  16. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of A ^ ™ , along w ith 
the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis cuts, as 
well as pT^ >  700 GeV. All o ther details are as for tab le  4 .
Bin Bin edges da /d (A ^™ n) [fb] < Ä a [%] ^Mtas [%] ujes [%] u JER [%] uunfold [%] u lumi [%]
1 0-0.15 2.6 x 102 4.4 0.4 +8.9-8.4 1.9 2.5 2.8
2 0.15-0.3 2.27 x 102 4.4 0.6 +8.6-8.5 2.1 3.1 2.8
3 0.3-0.45 2.02 x 102 4.8 0.7 +9.5-7.9 2.1 3.6 2.8
4 0.45-0.6 1.59 x 102 5.8 0.7 +9.0-8.0 2.1 3.5 2.8
5 0.6-0.75 1.5 x 102 6.2 0.7 +8.6-8.0 2.1 3.2 2.8
6 0.75-0.9 8.7 x 101 6.7 0.9 +9.8-8.3 2.8 2.5 2.8
7 0.9-1.05 5.33 x 101 8.8 1.2 +10.1-8.5 2.8 5.4 2.8
8 1.05-1.2 2.18 x 101 14.4 2.2 +10.0-10.2 2.8 4.8 2.8
9 1.2-1.35 5.96 27.4 5.6 +9.5-7.9 4.6 4.8 2.8
10 1.35-1.6 3.71 29.4 3.5 +9.5-7.9 4.6 6.7 2.8
Table 17. Measured differential four-jet cross section for R =  0.4 jets, in bins of A ^™ , along with
the uncertainties in the measurement. The events are selected using the inclusive analysis cuts, as
well as pT^ > 1000 GeV. All other details are as for table 4.





Bin Bin edges da /d (A ^™ n) [fb] «data [%] «Mtat [%] UJES [%] UJER [%] Uunfold [%] Ulumi [%]
1 0-0.25 1.31 x 104 5.6 8.0 + 9.9 -8.0 5.2 7.9 2.8
2 0.25-0.5 4.41 x 104 3.1 3.3 + 10.0 -8.3 5.2 7.9 2.8
3 0.5-0.75 1.18 x 105 2.0 4.4 + 10.0 -8.1 5.2 7.9 2.8
4 0.75-1 2.25 x 105 1.4 2.3 +10.0-7.2 5.2 13.9 2.8
5 1-1.25 2.89 x 105 1.3 3.5 +9.9-7.4 4.1 8.0 2.8
6 1.25-1.5 4.21 x 105 1.2 2.2 +9.3-8.0 4.1 7.7 2.8
7 1.5-1.75 6.48 x 105 0.9 2.4 +8.9-8.6 4.0 6.8 2.8
8 1.75-2 9.53 x 105 0.7 2.1 +8.4-7.9 3.8 5.6 2.8
9 2-2.25 1.62 x 106 0.6 2.0 +8.3-8.4 3.7 5.6 2.8
10 2.25-2.5 2.24 x 106 0.5 1.7 +8.4-8.5 3.7 6.6 2.8
11 2.5-2.75 3.0 x 106 0.4 1.6 +8.1-7.9 3.3 8.7 2.8
12 2.75-3 2.81 x 106 0.4 1.8 +8.6-8.9 3.3 4.1 2.8
13 3-3.25 6.3 x 105 0.9 4.0 +10.9-7.8 3.3 4.1 2.8
T a b le  18. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of A ^gjln, along w ith 
the uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts. All 
o ther details are as for table 4 .
Bin Bin edges da /d (A ^™ n) [fb] «data [%] «Mat [%] UJES [%] UJER [%] Uunfold [%] Ulumi [%]
1 0-0.25 1.97 x 103 1.2 2.3 +6.2-6.5 0.8 5.7 2.8
2 0.25-0.5 6.68 x 103 0.6 1.0 +6.2-6.3 0.8 5.7 2.8
3 0.5-0.75 1.68 x 104 0.4 0.6 +6.7-6.2 0.8 3.6 2.8
4 0.75-1 2.46 x 104 0.3 0.6 +6.2-6.0 0.8 3.2 2.8
5 1-1.25 2.87 x 104 0.3 0.6 +6.5-6.2 0.8 4.5 2.8
6 1.25-1.5 3.07 x 104 0.3 0.5 +6.4-6.2 0.9 4.0 2.8
7 1.5-1.75 3.13 x 104 0.3 0.6 +6.5-6.2 1.1 3.2 2.8
8 1.75-2 3.08 x 104 0.3 0.6 +6.3-6.4 1.8 2.5 2.8
9 2-2.25 2.79 x 104 0.3 0.6 +6.2-6.5 1.6 2.2 2.8
10 2.25-2.5 2.55 x 104 0.3 0.6 +6.3-6.6 1.4 2.2 2.8
11 2.5-2.75 2.48 x 104 0.4 0.7 +5.9-7.3 1.6 3.1 2.8
12 2.75-3 2.1 x 104 0.4 0.7 +6.1-6.2 1.6 3.3 2.8
13 3-3.25 5.29 x 103 0.7 1.4 +5.5-7.2 1.1 2.0 2.8
Table 19. Measured differential four-jet cross section for R =  0.4 jets, in bins of A^gjln, along with
the uncertainties in the measurement. The events are selected using the inclusive analysis cuts, as
well as p!y1) > 400 GeV. All other details are as for table 4.





Bin Bin edges da /d (A ^™ n) [fb] 4 ^  [%] M̂tac [%] UJES [%] UJER [%] Uunfold [%] Ulumi [%]
1 0-0.25 8.01 x 101 5.8 2.1 +8.3-7.1 2.4 5.5 2.8
2 0.25-0.5 3.1 x 102 2.8 0.9 + 7.7 -6.7 2.4 5.5 2.8
3 0.5-0.75 7.61 x 102 2.2 0.7 + 7.0 -8.7 1.1 2.5 2.8
4 0.75-1 1.11 x 103 1.5 0.5 + 7.0 -7.3 1.1 2.3 2.8
5 1-1.25 1.22 x 103 1.5 0.6 + 7.4 -7.5 1.2 2.8 2.8
6 1.25-1.5 1.22 x 103 1.6 0.5 +7.6-7.4 1.5 3.2 2.8
7 1.5-1.75 1.17 x 103 1.6 0.5 +7.7-7.4 1.7 3.6 2.8
8 1.75-2 1.07 x 103 1.6 0.6 +8.1-7.6 1.8 4.4 2.8
9 2-2.25 9.19 x 102 1.8 0.6 +8.3-8.0 2.0 3.3 2.8
10 2.25-2.5 8.33 x 102 1.9 0.7 +8.5-8.1 2.6 2.4 2.8
11 2.5-2.75 8.17 x 102 1.9 0.7 +7.6-7.7 1.9 2.2 2.8
12 2.75-3 6.6 x 102 2.4 0.7 +7.0-8.0 1.9 1.9 2.8
13 3-3.25 1.92 x 102 4.0 1.4 +7.1-6.8 3.2 1.9 2.8
T a b le  20. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of A ^gjln, along w ith 
the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis cuts, as 
well as pTr1) >  700 GeV. All o ther details are as for tab le  4 .
Bin Bin edges da /d (A ^™ n) [fb] 4a ta [%] e S [%] UJES [%] UJER [%] Uunfold [%] Ulumi [%]
1 0-0.25 5.54 21.2 2.5 + 9.0 -7.8 1.6 2.4 2.8
2 0.25-0.5 2.68 x 101 11.6 1.3 +7.6-8.6 1.6 2.4 2.8
3 0.5-0.75 5.75 x 101 7.4 0.9 +9.0-8.6 1.6 2.3 2.8
4 0.75-1 8.98 x 101 5.7 0.7 +7.9-8.2 1.6 2.3 2.8
5 1-1.25 8.83 x 101 6.0 0.8 +8.7-8.2 1.6 3.8 2.8
6 1.25-1.5 7.41 x 101 6.3 0.6 +8.9-8.1 1.7 3.4 2.8
7 1.5-1.75 7.68 x 101 6.3 0.7 +8.9-8.4 1.7 3.5 2.8
8 1.75-2 6.68 x 101 7.0 0.7 +9.4-8.3 2.1 3.8 2.8
9 2-2.25 5.29 x 101 7.3 1.0 +10.1-7.9 3.1 4.5 2.8
10 2.25-2.5 4.76 x 101 7.9 1.0 +10.3-8.1 3.6 3.7 2.8
11 2.5-2.75 5.53 x 101 6.7 1.0 +10.1-8.1 2.8 3.3 2.8
12 2.75-3 4.83 x 101 8.4 1.0 +9.1-9.2 2.8 3.3 2.8
13 3-3.25 1.41 x 101 15.1 1.7 +10.7-6.7 4.3 5.6 2.8
Table 21. Measured differential four-jet cross section for R =  0.4 jets, in bins of A^gjln, along with
the uncertainties in the measurement. The events are selected using the inclusive analysis cuts, as
well as p T  > 1000 GeV. All other details are as for table 4.





B i n B i n  e d g e s d a / d ( A y ™ n ) [fb ] Ä a  [% ] e C  [% ] U JE S  [% ] U JE R  [% ] U unfo ld  [% ] U lum i [% ]
1 0 - 0 . 1 5 6 .6 1  x 1 0 6 0 .4 1 .2 + 8 .4- 7 .2 3 .5 7 .4 2 .8
2 0 .1 5 - 0 . 3 5 .0 3  x 1 0 6 0 .4 1 .5 + 8 .2- 8 .6 3 .5 4 .6 2 .8
3 0 . 3 - 0 .4 5 3 .6 8  x 1 0 6 0 .4 1 .5
+ 8 .9
- 8 .3 3 .5 4 .6 2 .8
4 0 .4 5 - 0 . 6 2 .5 8  x 1 0 6 0 .6 2 .0 +  9.3 - 8 .3 3 .7 4 .6 2 .8
5 0 . 6 - 0 .7 5 1 .8 6  x 1 0 6 0 .6 2 .6 +  10.8 - 8 .8 3 .7 1 0 .2 2 .8
6 0 .7 5 - 0 . 9 9 .9 2  x 1 0 5 0 .9 3 .7 + 9 .6- 8 .8 3 .7 7 .3 2 .8
7 0 . 9 - 1 .0 5 5 .5 6  x 1 0 5 1 .2 4 .4
+ 9 .6
-1 0 .2 3 .7 7 .3 2 .8
8 1 .0 5 - 1 . 2 2 .0 8  x 1 0 5 1 .9 9 .4 + 9 .6-1 0 .2 3 .7 7 .3 2 .8
9 1 . 2 - 1 .3 5 8 .5 7  x 1 0 4 3 .0 1 2 .6 + 7 .9-1 0 .2 6 .9 7 .3 2 .8
1 0 1 .3 5 - 1 . 5 3 .4 9  x 1 0 4 6 .3 1 9 .3
+ 7 .9
-1 0 .2 6 .9 1 5 .9 2 .8
1 1 1 .5 - 2 2 .3 3  x 1 0 3 1 0 .9 2 2 .6 + 7 .9-1 0 .2 6 .9 1 5 .9 2 .8
T a b le  22. M easured differential four-jet cross section for R  =  0.4 jets, in bins of Ay™", along w ith 
the uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts. All 
o ther details are as for table 4 .
B i n B i n  e d g e s d a / d ( A y 2 “ in ) [fb ] Ä a  [% ] [% ] U JE S  [% ] U JE R  [% ] U unfo ld  [% ] U lum i [% ]
1 0 - 0 . 1 5 1 .5 4  x  1 0 5 0 .2 0 .3 + 6 .4- 6 .3 1 .4 2 .7 2 .8
2 0 . 1 5 - 0 . 3 1 .1 5  x  1 0 5 0 .2 0 .3 + 6 .2- 6 .3 0 .9 2 .5 2 .8
3 0 . 3 - 0 . 4 5 7 .9 6  x  1 0 4 0 .2 0 .4 + 6 .3- 6 .2 0 .9 3 .2 2 .8
4 0 . 4 5 - 0 . 6 5 .2 3  x  1 0 4 0 .3 0 .6
+ 6 .3
- 6 .3 1 .7 3 .1 2 .8
5 0 . 6 - 0 . 7 5 3 .2 7  x  1 0 4 0 .4 0 .7 + 6 .0- 7 .0 1 .0 2 .4 2 .8
6 0 . 7 5 - 0 . 9 1 .5 9  x  1 0 4 0 .5 0 .9 + 6 .2- 6 .5 1 .0 2 .8 2 .8
7 0 . 9 - 1 . 0 5 6 .6 8  x  1 0 3 0 .8 1 .5
+ 7 .3
- 6 .5 1 .0 2 .8 2 .8
8 1 . 0 5 - 1 . 2 2 .5 7  x  1 0 3 1 .4 2 .6 + 7 .6- 6 .5 1 .0 2 .8 2 .8
9 1 . 2 - 1 . 3 5 9 .3  x  1 0 2 2 .5 5 .5 + 8 .3- 7 .0 1 .0 1 4 .0 2 .8
1 0 1 . 3 5 - 1 . 5 1 .9 7  x  1 0 2 4 .6 8 .3 + 8 .3- 7 .0 1 .0 1 2 .9 2 .8
1 1 1 . 5 - 2 8 .6 6 9 .9 2 0 .2 + 8 .3- 7 .0 1 .0 1 2 .9 2 .8
T a b le  23. M easured differential four-jet cross section for R  =  0.4 jets, in bins of Ay™", along w ith 
the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis cuts, as 
well as >  400 GeV. All o ther details are as for tab le  4 .
B i n B i n  e d g e s d a / d ( A y 2 f n ) [fb ] Ä a  [% ] [% ] U JE S  [% ] U JE R  [% ] U unfo ld  [% ] U lum i [% ]
1 0 - 0 . 1 5 6 .3 7  x  1 0 3 0 .8 0 .3 + 7 .3- 7 .4 1 .4 2 .7 2 .8
2 0 . 1 5 - 0 . 3 4 . 6 4  x  1 0 3 1 .1 0 .3 + 7 .6- 7 .4 1 .6 2 .9 2 .8
3 0 . 3 - 0 . 4 5 2 .8 9  x  1 0 3 1 .4 0 .6 + 7 .7- 7 .8 1 .9 3 .3 2 .8
4 0 . 4 5 - 0 . 6 1 .7 7  x  1 0 3 1 .8 0 .6 + 7 .7- 7 .7 1 .9 2 .8 2 .8
5 0 . 6 - 0 . 7 5 9 .9 7  x  1 0 2 2 .4 0 .8
+ 7 .9
- 8 .3 2 .6 3 .3 2 .8
6 0 . 7 5 - 0 . 9 3 .9 1  x  1 0 2 3 .5 1 .4 + 10 .1- 9 .3 2 .6 5 .8 2 .8
7 0 . 9 - 1 . 0 5 1 .3 8  x  1 0 2 6 .0 2 .3 + 7 .5- 9 .7 0 .8 4 .6 2 .8
8 1 . 0 5 - 1 . 2 5 .3 4  x  1 0 1 9 .5 4 .7 + 7 .5- 9 .7 0 .8 4 .6 2 .8
9 1 . 2 - 1 . 3 5 1 .6  x  1 0 1 2 0 .9 6 .6 + 7 .5- 8 .8 0 .8 4 .6 2 .8
1 0 1 . 3 5 - 1 . 5 2 .8 2 4 5 .2 1 7 .5 + 20 .3- 8 .8 0 .8 4 .6 2 .8
Table 24. Measured differential four-jet cross section for R =  0.4 jets, in bins of Ay™", along with
the uncertainties in the measurement. The events are selected using the inclusive analysis cuts, as
well as p^P > 700 GeV. All other details are as for table 4.





B i n B i n  e d g e s d a / d ( A y ™ n ) [fb ] Ä a  [% ] [% ] U JE S  [% ] U JE R  [% ] u unfo ld  [% ] u lum i [% ]
1 0 - 0 . 1 5 4 .6 9  x  1 0 2 3 .2 0 .4 + 8 .6- 7 .7 1 .7 2 .5 2 .8
2 0 . 1 5 - 0 . 3 3 .3 3  x  1 0 2 4 .1 0 .5
+ 8 .7
- 8 .5 2 .5 2 .7 2 .8
3 0 . 3 - 0 . 4 5 1 .9 8  x  1 0 2 5 .0 0 .7 +  9.0 - 8 .1 2 .1 5 .3 2 .8
4 0 . 4 5 - 0 . 6 1 .0 8  x  1 0 2 6 .8 0 .8 +  9.3 - 9 .2 2 .1 3 .9 2 .8
5 0 . 6 - 0 . 7 5 4 . 2 4  x  1 0 1 1 0 .3 1 .3 + 11 .7- 8 .7 4 .1 4 .3 2 .8
6 0 . 7 5 - 0 . 9 1 .7 2  x  1 0 1 1 6 .8 2 .5 + 13 .0- 9 .5 4 .1 3 .8 2 .8
7 0 . 9 - 1 . 0 5 4 .6 2 3 4 .1 4 .0 + 12 .3- 9 .6 1 .0 3 .8 2 .8
8 1 . 0 5 - 1 . 2 2 .1 7 5 0 .6 7 .0 + 12 .3-1 1 .3 1 .0 3 .8 2 .8
T a b le  25. M easured differential four-jet cross section for R  =  0.4 jets, in bins of Ay™", along w ith 
the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis cuts, as 
well as >  1000 GeV. All o ther details are as for tab le  4 .
B i n B i n  e d g e s d a / d ( A y 3 “ in ) [fb ] Ä “  [% ] e C  [% ] U JE S  [% ] U JE R  [% ] U unfo ld  [% ] U lum i [% ]
1 0 - 0 . 2 5 3 .6 1  x 1 0 5 1 .3 4 .6 + 7 .5- 7 .1 3 .4 2 3 .0 2 .8
2 0 . 2 5 - 0 . 5 9 .6 5  x 1 0 5 0 .7 2 .6 + 7 .6- 7 .3 3 .4 6 .9 2 .8
3 0 . 5 - 0 . 7 5 1 .6 4  x 1 0 6 0 .5 1 .9
+ 7 .6
- 7 .4 3 .4 6 .9 2 .8
4 0 . 7 5 - 1 1 .8 9  x 1 0 6 0 .5 1 .9 + 8 .8- 7 .9 3 .4 6 .9 2 .8
5 1 - 1 . 2 5 1 .8 3  x 1 0 6 0 .5 1 .6 + 9 .0- 8 .7 2 .8 6 .6 2 .8
6 1 . 2 5 - 1 . 5 1 .6 2  x 1 0 6 0 .5 2 .3 + 9 .3- 8 .4 2 .8 6 .6 2 .8
7 1 . 5 - 1 . 7 5 1 .4 2  x 1 0 6 0 .5 1 .9
+ 8 .8
- 8 .1 2 .8 6 .6 2 .8
8 1 . 7 5 - 2 1 .0 7  x 1 0 6 0 .7 2 .7 + 8 .7- 8 .3 2 .8 7 .3 2 .8
9 2 - 2 . 2 5 7 .8 8  x 1 0 5 0 .8 2 .8 + 9 .0- 8 .8 3 .7 7 .6 2 .8
1 0 2 . 2 5 - 2 . 5 5 .6  x 1 0 5 1 .0 3 .4 + 9 .3- 9 .4 6 .1 6 .8 2 .8
1 1 2 . 5 - 2 . 7 5 3 .6 7  x 1 0 5 1 .1 4 .3 + 9 .6-1 0 .7 7 .0 6 .5 2 .8
1 2 2 . 7 5 - 3 2 .3 5  x 1 0 5 1 .4 5 .0 + 10 .2-1 1 .1 7 .0 6 .5 2 .8
1 3 3 - 3 . 2 5 1 .0 9  x 1 0 5 2 .2 9 .9 + 11 .0-1 1 .4 7 .0 6 .6 2 .8
1 4 3 . 2 5 - 3 . 5 7 .1 7  x 1 0 4 2 .6 6 .5
+ 11 .8
-1 1 .6 7 .0 9 .4 2 .8
1 5 3 . 5 - 3 . 7 5 3 .7 2  x 1 0 4 3 .4 7 .1 + 12 .0-1 1 .1 7 .0 1 6 .9 2 .8
1 6 3 . 7 5 - 4 1 .4  x 1 0 4 5 .9 3 2 .0 + 12 .0-1 0 .9 7 .0 1 9 .7 2 .8
1 7 4 - 5 2 .4 6  x 1 0 3 7 .8 2 3 .2 + 12 .0-1 0 .9 1 5 .2 1 9 .9 2 .8
Table 26. Measured differential four-jet cross section for R =  0.4 jets, in bins of Ay3jm, along with
the uncertainties in the measurement. The events are selected using the inclusive analysis cuts. All
other details are as for table 4.





B i n B i n  e d g e s d a / d ( A y ™ n ) [fb ] sdstt [% ] [% ] U JE S  [% ] U JE R  [% ] u unfo ld  [% ] u lum i [% ]
1 0 - 0 . 2 5 8 .7  x  1 0 3 0 .6 0 .8 +  6.1 - 6 .2 1 .7 2 .8 2 .8
2 0 . 2 5 - 0 . 5 2 .4 9  x  1 0 4 0 .3 0 .7 +  6.3 - 6 .3 1 .7 3 .0 2 .8
3 0 . 5 - 0 . 7 5 4 . 2 8  x  1 0 4 0 .3 0 .5 +  5.9 - 6 .5 1 .0 2 .0 2 .8
4 0 . 7 5 - 1 4 .8 3  x  1 0 4 0 .2 0 .4
+ 6 .3
- 5 .7 1 .0 2 .4 2 .8
5 1 - 1 . 2 5 4 . 3 4  x  1 0 4 0 .3 0 .4 + 6 .2- 6 .3 1 .2 3 .1 2 .8
6 1 . 2 5 - 1 . 5 3 .5 8  x  1 0 4 0 .3 0 .5 + 6 .1- 6 .3 1 .2 3 .3 2 .8
7 1 . 5 - 1 . 7 5 2 .6 9  x  1 0 4 0 .4 0 .6
+  6.0 
- 6 .4 1 .4 3 .1 2 .8
8 1 . 7 5 - 2 1 .8 6  x  1 0 4 0 .4 0 .7 + 6 .4- 6 .9 1 .4 3 .1 2 .8
9 2 - 2 . 2 5 1 .2 1  x  1 0 4 0 .5 0 .9 + 7 .1- 7 .1 1 .3 4 .0 2 .8
1 0 2 . 2 5 - 2 . 5 7 .0 8  x  1 0 3 0 .5 1 .2 + 7 .7- 7 .0 1 .2 4 .4 2 .8
1 1 2 . 5 - 2 . 7 5 4 .0 1  x  1 0 3 0 .8 1 .7
+ 8 .3
- 7 .5 1 .2 3 .6 2 .8
1 2 2 . 7 5 - 3 2 .0  x  1 0 3 1 .3 2 .3 + 8 .7- 8 .2 1 .2 3 .2 2 .8
1 3 3 - 3 . 2 5 9 .0 6  x  1 0 2 1 .7 3 .1 + 8 .7- 9 .1 1 .2 3 .2 2 .8
1 4 3 . 2 5 - 3 . 5 3 .8 8  x  1 0 2 2 .9 4 .7
+ 9 .0
-1 0 .1 1 .2 3 .6 2 .8
1 5 3 . 5 - 3 . 7 5 1 .2 6  x  1 0 2 4 .6 9 .0 + 11 .0-1 1 .1 1 .2 1 1 .1 2 .8
1 6 3 . 7 5 - 4 3 .2 4  x  1 0 1 1 0 .1 1 6 .6 + 11 .8-1 1 .5 1 .2 3 0 .3 2 .8
1 7 4 - 5 4 .0 8 1 7 .1 3 7 .0 + 11 .8-1 1 .5 1 .2 4 0 .7 2 .8
T a b le  27. M easured differential four-jet cross section for R  =  0.4 jets, in bins of Ay3jln, along w ith 
the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis cuts, as 
well as >  400 GeV. All o ther details are as for tab le  4 .
B i n B i n  e d g e s d a / d ( A y 3 “ in ) [fb ] Ä “  [% ] e C  [% ] U JE S  [% ] U JE R  [% ] U unfo ld  [% ] U lum i [% ]
1 0 - 0 . 2 5 4 .0 6 x  1 0 2 2 .3 1 .1 + 6 .7- 7 .6 1 .5 3 .9 2 .8
2 0 . 2 5 - 0 . 5 1 .1 4 x  1 0 3 1 .6 0 .5 + 6 .6- 7 .1 1 .5 3 .2 2 .8
3 0 . 5 - 0 . 7 5 1 .9 1 x  1 0 3 1 .4 0 .5
+ 7 .3
- 6 .9 1 .5 3 .7 2 .8
4 0 . 7 5 - 1 2 .0 6 x  1 0 3 1 .0 0 .4 + 7 .5- 7 .3 1 .3 2 .3 2 .8
5 1 - 1 . 2 5 1 .7 1 x  1 0 3 1 .3 0 .5 + 7 .4- 8 .0 1 .5 2 .9 2 .8
6 1 . 2 5 - 1 . 5 1 .2 8 x  1 0 3 1 .4 0 .6 + 7 .7- 7 .8 2 .0 2 .9 2 .8
7 1 . 5 - 1 . 7 5 8 .5 7 x  1 0 2 1 .7 0 .7
+ 8 .4
- 8 .0 2 .2 2 .6 2 .8
8 1 . 7 5 - 2 5 .0 6 x  1 0 2 2 .7 0 .8 + 9 .0- 8 .1 2 .4 2 .1 2 .8
9 2 - 2 . 2 5 2 .6 9 x  1 0 2 3 .4 1 .3 + 8 .9- 9 .3 2 .5 1 .9 2 .8
1 0 2 . 2 5 - 2 . 5 1 .3 9 x  1 0 2 5 .0 1 .9 + 9 .2-1 0 .6 2 .6 2 .6 2 .8
1 1 2 . 5 - 2 . 7 5 5 .7 2 x  1 0 1 8 .0 2 .7 + 9 .6-1 1 .0 2 .6 4 .7 2 .8
1 2 2 . 7 5 - 3 2 .3 9 x  1 0 1 1 2 .0 4 .6 + 10 .9-1 2 .4 2 .6 5 .5 2 .8
1 3 3 - 3 . 2 5 8 .5 4 1 6 .3 8 .3 + 13 .7-1 4 .0 2 .6 5 .8 2 .8
1 4 3 . 2 5 - 3 . 5 4 .6 0 2 4 .3 9 .2
+ 14 .7
-1 4 .2 2 .6 1 0 .9 2 .8
1 5 3 . 5 - 3 . 7 5 4 .9 7 1 0 - 1 8 0 .2 8 8 .5 + 14 .7-1 4 .2 2 .6 2 4 .9 2 .8
1 6 3 . 7 5 - 4 3 .0 3 x  1 0 1 8 2 .6 8 1 .5 + 14 .7-1 4 .1 2 .6 3 0 .0 2 .8
Table 28. Measured differential four-jet cross section for R =  0.4 jets, in bins of Ay3jln, along with
the uncertainties in the measurement. The events are selected using the inclusive analysis cuts, as
well as p^P > 700 GeV. All other details are as for table 4.





B i n B i n  e d g e s d a / d ( A y ™ n ) [fb ] Ata ?  [% ] sM [% ] U JE S  [% ] U JE R  [% ] u unfo ld  [% ] u lum i [% ]
1 0 - 0 . 2 5 3 .7 4  x  1 0 1 8 .2 1 .4 +  9.7 - 6 .5 1 .5 4 .0 2 .8
2 0 . 2 5 - 0 . 5 8 .6 9  x  1 0 1 5 .1 0 .7 + 8 .3- 7 .4 1 .5 2 .2 2 .8
3 0 . 5 - 0 . 7 5 1 .4 8  x  1 0 2 4 .8 0 .5 + 8 .1- 8 .0 1 .5 2 .2 2 .8
4 0 . 7 5 - 1 1 .5 6  x  1 0 2 4 .4 0 .5 + 8 .1- 8 .0 1 .9 2 .9 2 .8
5 1 - 1 . 2 5 1 .1 1  x  1 0 2 6 .2 0 .6
+ 9 .7
- 8 .8 2 .2 3 .8 2 .8
6 1 . 2 5 - 1 . 5 8 .0 7  x  1 0 1 6 .5 0 .7 + 10 .0- 8 .8 2 .7 4 .0 2 .8
7 1 . 5 - 1 . 7 5 4 . 4 4  x  1 0 1 8 .2 1 .0 + 10 .8- 8 .9 3 .4 4 .2 2 .8
8 1 . 7 5 - 2 2 .4 8  x  1 0 1 1 0 .3 1 .3 + 10 .8- 9 .5 3 .8 3 .6 2 .8
9 2 - 2 . 2 5 6 .8 7 2 2 .3 2 .3 + 11 .6-1 0 .0 3 .8 3 .3 2 .8
1 0 2 . 2 5 - 2 . 5 5 .3 2 2 3 .6 3 .0 + 12 .8-1 1 .1 3 .6 3 .3 2 .8
1 1 2 . 5 - 2 . 7 5 1 .3 1 5 0 .7 6 .8 + 14 .3-1 3 .8 3 .5 3 .3 2 .8
1 2 2 . 7 5 - 3 1 .3 2 3 9 .5 7 .9
+ 16 .5
-2 0 .0 3 .4 3 .3 2 .8
T a b le  29. M easured differential four-jet cross section for R  =  0.4 jets, in bins of Ay3jln, along w ith 
the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis cuts, as 
well as >  1000 GeV. All o ther details are as for tab le  4 .
B i n B i n  e d g e s d a / d ( A y m?a x ) [fb] Ss ta t  [% ] sMMat [% ] U JE S  [% ] U JE R  [% ] U unfo ld  [% ] U lum i [% ]
1
2
0 - 0 . 4
0 . 4 - 0 . 8
1 .5 5  x  1 0 4 















3 0 . 8 - 1 . 2 4 . 4 4  x  1 0 5 0 .9 3 .3
+ 8 .4
- 8 .5 3 .3 1 0 .8 2 .8
4 1 . 2 - 1 . 6 7 .2 9  x  1 0 5 0 .6 2 .6 + 8 .1- 7 .5 3 .3 8 .4 2 .8
5 1 . 6 - 2 9 .7 7  x  1 0 5 0 .5 2 .2 + 7 .1- 7 .1 3 .3 5 .7 2 .8
6 2 - 2 . 4 1 .1 5  x  1 0 6 0 .6 1 .7 + 7 .1- 7 .3 3 .4 4 .9 2 .8
7 2 . 4 - 2 . 8 1 .1 8  x  1 0 6 0 .5 1 .7 + 8 .5- 7 .4 3 .7 4 .7 2 .8
8 2 . 8 - 3 . 2 1 .0 9  x  1 0 6 0 .6 2 .0 + 9 .9- 8 .0 3 .8 5 .1 2 .8
9 3 . 2 - 3 . 6 9 .0 5  x  1 0 5 0 .7 2 .0 + 9 .5- 9 .4 3 .7 5 .9 2 .8
1 0 3 . 6 - 4 6 .3 9  x  1 0 5 0 .6 2 .5
+ 9 .1
- 9 .8 3 .6 5 .4 2 .8




4 . 4 - 4 . 8
4 . 8 - 5 . 2
5 . 2 - 5 . 6
2 .4 6  x  1 0 5 
9 .9 1  x  1 0 4 





5 .2  
1 0 .3
+ 1 1 .7
- 1 0 .3
+ 1 3 .3
- 1 3 .3
+ 1 3 .3










Table 30. Measured differential four-jet cross section for R =  0.4 jets, in bins of AyJ^*, along with
the uncertainties in the measurement. The events are selected using the inclusive analysis cuts. All
other details are as for table 4.





B i n B i n  e d g e s d a / d ( A y m a x ) [fb] s s s a t  [% ] sM [% ] U JE S  [% ] U JE R  [% ] u unfo ld  [% ] u lum i [% ]
1 0 - 0 . 4 3 .0 8 X 1 0 3 6 .4 7 .6 + 6 .2- 3 .8 1 .5 4 .0 2 .8
2 0 . 4 - 0 . 8 3 .0 X 1 0 4 2 .2 2 .4
+ 6 .2
- 5 .5 1 .5 4 .0 2 .8
3 0 . 8 - 1 . 2 8 .2 9 X 1 0 4 1 .4 1 .3 + 6 .5- 6 .0 1 .5 4 .0 2 .8
4 1 . 2 - 1 . 6 1 .3 3 X 1 0 5 0 .9 0 .8
+ 6 .4
- 5 .9 1 .5 4 .0 2 .8
5 1 . 6 - 2 1 .7 3 X 1 0 5 0 .8 0 .7 + 6 .0- 6 .0 1 .5 4 .0 2 .8
6 2 - 2 . 4 1 .9 9 X 1 0 5 0 .9 0 .8 + 5 .9- 6 .3 1 .5 4 .0 2 .8
7 2 . 4 - 2 . 8 1 .9 2 X 1 0 5 0 .8 0 .7 + 6 .0- 6 .4 1 .5 4 .1 2 .8
8 2 . 8 - 3 . 2 1 .6 8 X 1 0 5 0 .9 0 .8 + 6 .8- 6 .7 1 .5 4 .2 2 .8
9 3 . 2 - 3 . 6 1 .2 9 X 1 0 5 1 .0 0 .9
+ 7 .7
- 6 .7 1 .6 4 .1 2 .8
1 0 3 . 6 - 4 9 .0 3 X 1 0 4 1 .4 1 .1 + 8 .3- 7 .0 1 .9 4 .1 2 .8
1 1 4 - 4 . 4 4 .9 3 X 1 0 4 1 .8 1 .4
+ 8 .1
- 7 .7 2 .0 5 .2 2 .8
1 2 4 . 4 - 4 . 8 2 .4 3 X 1 0 4 3 .0 2 .3 + 7 .9- 8 .3 2 .0 6 .1 2 .8
1 3 4 . 8 - 5 . 2 9 .1 1 X 1 0 3 5 .1 3 .0 + 9 .2- 7 .9 2 .0 6 .4 2 .8
1 4 5 . 2 - 5 . 6 1 .2 2 X 1 0 3 1 3 .8 1 1 .9 + 8 .9- 8 .2 2 .0 5 .0 2 .8
T a b le  31. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of Ayl]jax, along w ith 
the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis cuts, as 
well as >  250 GeV. All o ther details are as for tab le  4 .
B i n B i n  e d g e s d a / d ( A y m?a x ) [fb] Ss ta t  [% ] sMtat [%
1 0 - 0 . 4 4 .0 7 X 1 0 2 2 .2 4 .2
2 0 . 4 - 0 . 8 4 .4 X 1 0 3 0 .7 1 .0
3 0 . 8 - 1 . 2 1 .2 8 X 1 0 4 0 .4 0 .6
4 1 . 2 - 1 . 6 2 .1 2 X 1 0 4 0 .3 0 .5
5 1 . 6 - 2 2 .7 3 X 1 0 4 0 .3 0 .4
6 2 - 2 . 4 2 .8 8 X 1 0 4 0 .2 0 .4
7 2 . 4 - 2 . 8 2 .6 6 X 1 0 4 0 .3 0 .4
8 2 . 8 - 3 . 2 2 .1 3 X 1 0 4 0 .3 0 .5
9 3 . 2 - 3 . 6 1 .4 6 X 1 0 4 0 .4 0 .6
1 0 3 . 6 - 4 8 .7 5 X 1 0 3 0 .4 0 .8
1 1 4 - 4 . 4 4 .3 2 X 1 0 3 0 .7 1 .2
1 2 4 . 4 - 4 . 8 1 .6 9 X 1 0 3 1 .0 1 .8
1 3 4 . 8 - 5 . 2 4 .6 4 X 1 0 2 2 .0 3 .3
1 4 5 . 2 - 5 . 6 5 .9 2 X 1 0 1 5 .4 1 2 .6
JES [% ] U JE R  [% ] u unfo ld  [% ] u lum i
+ 6 .5
- 6 .5 0 .8 3 .6 2 .8
+ 6 .5
- 6 .5 0 .8 3 .6 2 .8
+ 6 .0
- 5 .5 0 .8 3 .2 2 .8
+ 5 .9
- 5 .7 0 .8 2 .6 2 .8
+ 5 .7
- 6 .1 0 .8 2 .6 2 .8
+ 5 .9
- 6 .3 1 .1 3 .2 2 .8
+ 6 .3
- 6 .3 1 .8 3 .1 2 .8
+ 6 .4
- 6 .3 1 .7 2 .9 2 .8
+ 7 .0
- 6 .9 1 .2 2 .2 2 .8
+ 7 .6
- 7 .7 1 .0 2 .1 2 .8
+ 8 .3
- 8 .5 1 .0 2 .6 2 .8
+ 9 .1
- 9 .1 1 .0 4 .1 2 .8
+ 9 .4
- 8 .3 1 .0 9 .2 2 .8
+ 9 .4
- 8 .3 1 .0 1 6 .9 2 .8
Table 32. Measured differential four-jet cross section for R =  0.4 jets, in bins of Aymjax, along with
the uncertainties in the measurement. The events are selected using the inclusive analysis cuts, as
well as p^P > 400 GeV. All other details are as for table 4.





B i n B i n  e d g e s d a / d ( A y m?a x ) [fb] ^ s ta t  [% ] ^Mtat [% ] U JE S  [% ] U JE R  [% ] U unfo ld  [% ] U lum i [% ]
1 0 - 0 . 4 8 .1 6  x  1 0 1 5 .1 4 .5 + 5 .5- 6 .1 1 .9 3 .0 2 .8
2 0 . 4 - 0 . 8 8 .8 5  x  1 0 2 1 .6 1 .3 + 5 .6- 6 .8 1 .9 3 .0 2 .8
3 0 . 8 - 1 . 2 2 .6 5  x  1 0 3 0 .8 0 .8 + 6 .1- 6 .3 1 .9 2 .9 2 .8
4 1 . 2 - 1 . 6 4 . 3 4  x  1 0 3 0 .7 0 .6 + 6 .6- 6 .6 1 .7 2 .8 2 .8
5 1 . 6 - 2 5 .3  x  1 0 3 0 .6 0 .5 + 6 .6- 6 .7 1 .7 2 .4 2 .8
6 2 - 2 . 4 5 .3  x  1 0 3 0 .6 0 .5 + 6 .9- 6 .7 1 .6 2 .6 2 .8
7 2 . 4 - 2 . 8 4 .5  x  1 0 3 0 .7 0 .5
+ 7 .2
- 7 .0 1 .8 2 .8 2 .8
8 2 . 8 - 3 . 2 3 .4  x  1 0 3 0 .7 0 .7 + 7 .6- 7 .8 2 .0 3 .0 2 .8
9 3 . 2 - 3 . 6 2 .0 6  x  1 0 3 0 .9 0 .8
+ 8 .2
- 8 .4 2 .0 3 .8 2 .8
1 0 3 . 6 - 4 1 .1  x  1 0 3 1 .2 1 .2 + 9 .6- 9 .1 1 .9 4 .8 2 .8
1 1 4 - 4 . 4 4 . 4 7  x  1 0 2 2 .0 1 .6 + 1 0 .1-1 0 .1 2 .1 4 .2 2 .8
1 2 4 . 4 - 4 . 8 1 .5 4  x  1 0 2 3 .5 3 .1 + 9 .4- 1 1 .4 2 .4 3 .9 2 .8
1 3 4 . 8 - 5 . 2 3 .9 2  x  1 0 1 6 .9 8 .4 + 9 .1-1 2 .0 2 .6 3 .9 2 .8
1 4 5 . 2 - 5 . 6 5 .9 1 1 7 .1 1 3 .9 + 9 .1- 1 7 .7 2 .6 3 .9 2 .8
T a b le  33. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of A y jjax, along w ith 
the uncertainties in the  m easurem ent. The events are selected using the inclusive analysis cuts, as 
well as pT^ >  550 GeV. All o ther details are as for tab le  4 .
B in B in  e d g e s  [G eV ] d f f /d ( £ p T entral) [ fb /G e V ] O  [%] $ £  [%] UJES [%] UJER [%] Uunfold [% ] Ulumi [% ]
1 1 2 0 -1 7 0 1 .0 7 < 104 0 .6 2 .4 +9.9-7 .7 5 .6 13 .5 2 .8
2 1 7 0 -2 4 0 1 .93 < 104 0 .3 1.2 +9.2-8 .3 4 .6 8 .4 2 .8
3 2 4 0 -3 1 5 9 .2 1 < 103 0 .4 1 .0 +7.8-8 .0 1 .9 5 .5 2 .8
4 3 1 5 - 3 9 5 3 .7 6 < 103 0 .4 0 .7 +7.2-7 .3 0 .8 4 .6 2 .8
5 3 9 5 - 4 8 0 1 .4 6 < 103 0 .5 0 .7 +6.4-6 .5 0 .7 4 .2 2 .8
6 4 8 0 - 5 7 5 5 .7 5 < 102 0 .6 0 .5 +6.3-6 .1 0 .7 2 .6 2 .8
7 5 7 5 - 6 8 0 2 .2 3 < 102 0 .5 0 .5 +6.6-6 .2 0 .7 2 .1 2 .8
8 6 8 0 - 7 9 5 8 .7 3 < 1 0 1 0 .2 0 .4 +6.3-6 .7 0 .7 2 .0 2 .8
9 7 9 5 - 9 3 0 3 .4  x 1 0 1 0 .4 0 .5 +6.6-7 .0 0 .7 2 .0 2 .8
10 9 3 0 -1 0 8 5 1 .25 < 1 0 1 0 .6 0 .5 +6.8-7 .2 0 .8 2 .2 2 .8
11 1 0 8 5 -1 2 6 0 4 .4 8 1.0 0 .7 +7.2-7 .6 1.1 2 .5 2 .8
12 1 2 6 0 -1 4 6 5 1 .5 6 1.4 0 .5 +8.0-7 .8 1.2 2 .6 2 .8
13 1 4 6 5 -1 7 0 5 5 .0 7  x 1 0 - 1 2.1 0 .5 +8.0-7 .9 1.2 2 .8 2 .8
14 1 7 0 5 -1 9 8 0 1 .5 9  x 1 0 - 1 3 .7 0 .6 +8.2-8 .0 1.3 2 .6 2 .8
15 1 9 8 0 -2 3 0 0 4 .4 3  x 1 0 - 2 7 .0 0 .7 +8.5-8 .5 1.3 2 .4 2 .8
16 2 3 0 0 -5 0 0 0 1 .6 4  x 1 0 - 3 1 1 .7 0 .6 +11.2-9 .6 1.3 3 .7 2 .8
Table 34. Measured differential four-jet cross section for R =  0.4 jets, in bins of £pTentral, along
with the uncertainties in the measurement. The events are selected using the inclusive analysis cuts
and Ayjjax > 1. All other details are as for table 4.





B in B in  e d g e s  [G eV ] d f f /d ( £ p T entral) [ fb /G e V ] ^da ta  [%] [%] UJES [% ] UJE R  [% ] Uunfold [% ] Ulumi [% ]
1 1 2 0 - 1 7 0 4 .3  x 102 2 .5 2 .3 +5.9-4 .9 2 .4 9 .2 2 .8
2 1 7 0 -2 4 0 1 .15 < 103 0 .9 0 .9 +6.4-5 .8 2 .2 5 .8 2 .8
3 2 4 0 - 3 1 5 1 .01 < 103 0 .8 0 .8 +6.9-6 .6 1 .6 4 .5 2 .8
4 3 1 5 - 3 9 5 1 .4 8 < 103 0 .7 0 .7 +6.8-6 .9 1.4 6 .3 2 .8
5 3 9 5 - 4 8 0 1 .13 < 103 0 .6 0 .5 +6.6-6 .6 1.3 6 .5 2 .8
6 4 8 0 - 5 7 5 5 .7 3 < 102 0 .6 0 .5 +6.6-6 .2 1 .0 3 .7 2 .8
7 5 7 5 - 6 8 0 2 .2 5 < 102 0 .5 0 .5 +6.7-6 .3 0 .9 2 .3 2 .8
8 6 8 0 - 7 9 5 8 .7 9 < 1 0 1 0 .3 0 .4 +6.4-6 .8 0 .9 2 .0 2 .8
9 7 9 5 - 9 3 0 3 .4 2 < 1 0 1 0 .4 0 .5 +6.7-7 .1 1.1 2 .0 2 .8
10 9 3 0 -1 0 8 5 1 .2 6 < 1 0 1 0 .6 0 .5 +6.9-7 .2 1.4 2 .2 2 .8
11 1 0 8 5 -1 2 6 0 4 .5 1 1.0 0 .7 +7.3-7 .6 1 .6 2 .5 2 .8
12 1 2 6 0 -1 4 6 5 1 .5 7 1.4 0 .5 +8.1-7 .9 1.5 2 .6 2 .8
13 1 4 6 5 -1 7 0 5 5 .1 0  x 1 0 - 1 2.1 0 .5 +8.1-7 .9 1 .6 2 .8 2 .8
14 1 7 0 5 -1 9 8 0 1 .6 0  x 1 0 - 1 3 .6 0 .6 +8.3-8 .0 1 .8 2 .6 2 .8
15 1 9 8 0 -2 3 0 0 4 .4 5  x 1 0 - 2 7 .0 0 .7 +8.6-8 .5 1.5 2 .4 2 .8
16 2 3 0 0 -5 0 0 0 1 .6 5  x 1 0 - 3 1 1 .7 0 .6 +11.3-9 .7 1.3 3 .7 2 .8
T a b le  35. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of £ p !entral, along 
w ith the  uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts 
and Aymjjax >  1, as well as pT^ >  250 GeV. All o ther details are as for tab le  4 .
B in B in  e d g e s  [G e V ] d f f /d ( £ p T entral) [ fb /G e V ] Ä a [%] [%] UJES [%] UJER [%] Uunfold [% ] Ulumi [%]
1 1 2 0 - 1 7 0 1 .7 8 1 0 1 0 .8 2 .5 +6.2-6 .6 1.4 3 .3 2 .8
2 1 7 0 -2 4 0 5 .2 9 1 0 1 0 .5 1 .0 +5.9-6 .6 1.4 3 .8 2 .8
3 2 4 0 - 3 1 5 7 .8 8 1 0 1 0 .3 0 .7 +5.8-6 .5 1.4 4 .6 2 .8
4 3 1 5 - 3 9 5 9 .3 9 1 0 1 0 .3 0 .7 +6.3-6 .3 1.4 4 .3 2 .8
5 3 9 5 - 4 8 0 8 .4 9 1 0 1 0 .3 0 .8 +6.4-6 .3 1.4 4 .9 2 .8
6 4 8 0 - 5 7 5 1 .3 7 102 0 .2 0 .4 +6.2-6 .3 1.2 4 .1 2 .8
7 5 7 5 - 6 8 0 1 .0 9 102 0 .2 0 .4 +6.7-6 .3 1.1 3 .6 2 .8
8 6 8 0 - 7 9 5 6 .7 6 1 0 1 0 .3 0 .4 +6.5-6 .8 1.2 3 .4 2 .8
9 7 9 5 - 9 3 0 3 .3 9 1 0 1 0 .4 0 .5 +6.7-7 .0 1.2 2 .4 2 .8
10 9 3 0 -1 0 8 5 1 .24 1 0 1 0 .6 0 .5 +6.9-7 .1 1.5 2 .2 2 .8
11 1 0 8 5 -1 2 6 0 4 .4 7 1.0 0 .7 +7.2-7 .6 1 .6 2 .5 2 .8
12 1 2 6 0 -1 4 6 5 1 .5 6 1.4 0 .5 +8.0-7 .8 1.5 2 .6 2 .8
13 1 4 6 5 -1 7 0 5 5 .0 6  x 1 0 - 1 2 .1 0 .5 +8.1-7 .8 1 .6 2 .8 2 .8
14 1 7 0 5 -1 9 8 0 1 .5 9  x 1 0 - 1 3 .7 0 .6 +8.2-7 .9 1 .9 2 .6 2 .8
15 1 9 8 0 -2 3 0 0 4 .4 1  x 1 0 - 2 7 .0 0 .7 +8.5-8 .4 1 .6 2 .4 2 .8
16 2 3 0 0 -5 0 0 0 1 .6 3  x 1 0 - 3 1 1 .8 0 .6 +11.2-9 .6 1.3 3 .7 2 .8
Table 36. Measured differential four-jet cross section for R =  0.4 jets, in bins of £pTentral, along
with the uncertainties in the measurement. The events are selected using the inclusive analysis cuts
and Aymjjax > 1, as well as p^P > 400 GeV. All other details are as for table 4.





B in B in  e d g e s  [G eV ] d f f /d ( £ p T entral) [ fb /G e V ] sd a ta  [%] sMMat [%] “ JES [%] “ JE R  [%] “ unfold [% ] “ lumi [% ]
1 1 2 0 - 1 7 0 1 .94 2 .6 3 .5 +  11.7 -5 .8 10.1 1 6 .8 2 .8
2 1 7 0 -2 4 0 4 .7 9 1.5 1 .6 +8.0-6 .6 5 .5 8 .6 2 .8
3 2 4 0 -3 1 5 6 .0 3 1.4 1.4 +6.9-7 .5 3 .2 4 .8 2 .8
4 3 1 5 - 3 9 5 7 .5 1 1.1 1.2 +7.3-7 .7 2 .2 3 .9 2 .8
5 3 9 5 - 4 8 0 9 .9 9 0 .9 1 .0 +6.8-7 .7 1 .9 3 .7 2 .8
6 4 8 0 - 5 7 5 1 .1 9  x  1 0 1 0 .8 0 .9 +7.1-7 .1 1 .9 3 .7 2 .8
7 5 7 5 - 6 8 0 1 .4 9  x  1 0 1 0 .6 0 .8 +7.3-6 .8 1 .8 3 .6 2 .8
8 6 8 0 - 7 9 5 1 .81  x  1 0 1 0 .6 0 .5 +7.4-7 .1 1 .6 3 .3 2 .8
9 7 9 5 - 9 3 0 1 .21  x  1 0 1 0 .6 0 .5 +7.3-7 .1 1.4 3 .4 2 .8
10 9 3 0 -1 0 8 5 8 .2 4 0 .8 0 .6 +7.0-7 .3 1.3 3 .3 2 .8
11 1 0 8 5 -1 2 6 0 4 .4 1 1.0 0 .7 +7.2-7 .6 1.3 2 .9 2 .8
12 1 2 6 0 -1 4 6 5 1 .54 1.4 0 .5 +7.9-7 .7 1.4 2 .8 2 .8
13 1 4 6 5 -1 7 0 5 5 .0 1  x  1 0 - 1 2 .1 0 .5 +7.9-7 .8 1.5 2 .9 2 .8
14 1 7 0 5 -1 9 8 0 1 .5 7  x  1 0 - 1 3 .7 0 .6 +8.0-7 .8 1 .8 2 .6 2 .8
15 1 9 8 0 -2 3 0 0 4 .3 8  x  1 0 - 2 7 .1 0 .7 +8.2-8 .3 1.5 2 .4 2 .8
16 2 3 0 0 -5 0 0 0 1 .6 2  x  1 0 - 3 1 1 .8 0 .6 +11.1-9 .5 1.2 3 .7 2 .8
T a b le  37. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of £pTentral, along 
w ith the  uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts 
and Ayîjjax >  1, as well as pT^ >  550 GeV. All o ther details are as for tab le  4 .
B in B in  e d g e s  [G e V ] d f f /d ( £ p T entral) [ fb /G e V ] sstata  [%] sMMat [%] “ JES [% ] “ JE R  [% ] “ unfold [% ] “ lumi [% ]
1 1 2 0 -1 8 5 1 .01  x 104 0 .5 2 .2 +10.9-8 .3 4 .6 11.1 2 .8
2 1 8 5 -2 7 0 1 .23 104 0 .3 1.1 +8.9-8 .9 3 .9 6 .7 2 .8
3 2 7 0 - 3 6 5 4 .3 8 103 0 .4 1.1 +8.0-7 .5 1 .7 4 .4 2 .8
4 3 6 5 - 4 6 5 1 .3 9 103 0 .6 0 .7 +6.8-6 .6 0 .8 3 .9 2 .8
5 4 6 5 - 5 7 5 4 .4 3 102 0 .7 0 .5 +6.2-6 .4 0 .8 2 .5 2 .8
6 5 7 5 - 7 0 0 1 .44 102 0 .6 0 .5 +6.5-6 .5 0 .8 2 .0 2 .8
7 7 0 0 - 8 4 5 4 .5 6 1 0 1 0 .3 0 .5 +6.5-6 .8 0 .8 1 .9 2 .8
8 8 4 5 - 1 0 0 5 1 .4 6 1 0 1 0 .6 0 .5 +7.3-7 .1 0 .8 2 .2 2 .8
9 1 0 0 5 -1 1 9 5 4 .5 8 0 .9 0 .8 +7.7-7 .6 0 .8 2 .9 2 .8
10 1 1 9 5 -1 4 1 0 1 .3 8 1.6 0 .7 +8.1-7 .8 0 .8 3 .6 2 .8
11 1 4 1 0 -1 6 6 5 4 .1 2  x 1 0 - 1 2 .4 0 .6 +8.7-8 .0 0 .9 3 .6 2 .8
12 1 6 6 5 -1 9 6 0 1 .1 0  x 1 0 - 1 4 .4 0 .7 +9.0-8 .4 1.3 3 .4 2 .8
13 1 9 6 0 -5 0 0 0 4 .3 1  x 1 0 - 3 7 .5 0 .7 +8.9-9 .3 1 .6 3 .0 2 .8
Table 38. Measured differential four-jet cross section for R =  0.4 jets, in bins of £pTentral, along
with the uncertainties in the measurement. The events are selected using the inclusive analysis cuts
and Aymjax > 2. All other details are as for table 4.





B in B in  e d g e s  [G e V d f f /d ( £ p T entral) [ fb /G e V ] Ä a [%] ^  [%] UJES [%] UJER [%] Uunfold [% ] Ulumi [% ]
1 1 2 0 -1 8 5 3 .9 6  x  102 2.1 1 .9 +5.7-6 .5 1 .8 8 .4 2 .8
2 1 8 5 -2 7 0 8 .4 7  x  102 0 .9 0 .8 +6.8-6 .6 1 .7 6 .1 2 .8
3 2 7 0 - 3 6 5 8 .5 7  x  102 0 .9 1 .0 +7.1-6 .8 1.3 7 .3 2 .8
4 3 6 5 - 4 6 5 9 .3 7  x  102 0 .7 0 .5 +7.0-6 .8 1.1 6 .9 2 .8
5 4 6 5 - 5 7 5 4 .3 5  x  102 0 .7 0 .5 +6.6-6 .5 1.1 3 .8 2 .8
6 5 7 5 - 7 0 0 1 .4 5  x  102 0 .6 0 .5 +6.7-6 .6 1.1 2 .4 2 .8
7 7 0 0 - 8 4 5 4 .5 9  x  1 0 1 0 .3 0 .5 +6.7-6 .9 1.3 2 .0 2 .8
8 8 4 5 - 1 0 0 5 1 .4 6  x  1 0 1 0 .6 0 .5 +7.4-7 .2 1.4 2 .2 2 .8
9 1 0 0 5 -1 1 9 5 4 .6 1 0 .9 0 .7 +7.8-7 .6 1.4 2 .9 2 .8
10 1 1 9 5 -1 4 1 0 1 .3 9 1.6 0 .7 +8.2-7 .8 1.5 3 .6 2 .8
11 1 4 1 0 -1 6 6 5 4 .1 4  x  1 0 - 1 2 .4 0 .6 +8.8-8 .0 1.5 3 .6 2 .8
12 1 6 6 5 -1 9 6 0 1 .11  x  1 0 - 1 4 .4 0 .6 +9.1-8 .4 1 .8 3 .4 2 .8
13 1 9 6 0 -5 0 0 0 4 .3 3  x  1 0 - 3 7 .4 0 .7 +8.99.3 2 .0 3 .0 2 .8
T a b le  39. M easured differential four-jet cross section for R =  0.4 je ts, in bins of SpTentral, along
w ith the  uncertainties in the m easurem ent The events are selected using the inclusive analysis cuts
and Aymjax >  2, as well as p t  >  250 GeV. All o ther details are as for tab le  4 .
B in B in  e d g e s  [G e V ] d f f /d ( £ p T entral) [ fb /G e V ] ad a ta  [%] ^ a s  [%] UJES [%] UJER [%] Uunfold [% ] Ulumi [%]
1 1 2 0 -1 8 5 1 .3 8  x  1 0 1 0 .9 2 .1 +7.1-7 .1 5 .1 8 .3 2 .8
2 1 8 5 -2 7 0 3 .9 6  x  1 0 1 0 .5 1 .0 +6.8-7 .0 2 .8 5 .7 2 .8
3 2 7 0 - 3 6 5 5 .9 5  x  1 0 1 0 .4 0 .8 +6.3-7 .0 1 .8 4 .2 2 .8
4 3 6 5 - 4 6 5 5 .7 5  x  1 0 1 0 .3 0 .8 +6.6-6 .9 1 .6 3 .5 2 .8
5 4 6 5 - 5 7 5 8 .6 9  x  1 0 1 0 .3 0 .5 +6.4-6 .5 1.3 3 .7 2 .8
6 5 7 5 - 7 0 0 6 .9 8  x  1 0 1 0 .3 0 .5 +6.9-6 .4 1.2 3 .7 2 .8
7 7 0 0 - 8 4 5 3 .8 5  x  1 0 1 0 .3 0 .5 +6.9-7 .0 1.3 3 .5 2 .8
8 8 4 5 - 1 0 0 5 1 .4 5  x  1 0 1 0 .6 0 .5 +7.4-7 .2 1.3 2 .8 2 .8
9 1 0 0 5 -1 1 9 5 4 .5 8 0 .9 0 .8 +7.8-7 .5 1.4 3 .0 2 .8
10 1 1 9 5 -1 4 1 0 1 .3 8 1.6 0 .7 +8.2-7 .8 1.5 3 .6 2 .8
11 1 4 1 0 -1 6 6 5 4 .1 1  x  1 0 - 1 2 .4 0 .6 +8.8-7 .9 1 .6 3 .6 2 .8
12 1 6 6 5 -1 9 6 0 1 .1 0  x  1 0 - 1 4 .4 0 .6 +9.0-8 .3 1 .8 3 .4 2 .8
13 1 9 6 0 -5 0 0 0 4 .3 0  x  1 0 - 3 7 .5 0 .7 +8.9-9 .2 2 .0 3 .0 2 .8
T a b le  40. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of £pTentral, along 
w ith the  uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts 
and Aymjax >  2, as well as p^P >  400 GeV. All o ther details are as for tab le  4 .
B in B in  e d g e s  [G e V ] d f f /d ( £ p T entral) [ fb /G e V ] a d a a  [%] [%] UJES [% ] UJE R  [% ] Uunfold [% ] Ulumi [% ]
1 1 2 0 -1 8 5 1 .12 3 .4 3 .7 +8.1-7 .5 3 .6 2 0 .8 2 .8
2 1 8 5 -2 7 0 2 .6 2 1.7 1 .9 +7.8-7 .3 3 .3 8 .7 2 .8
3 2 7 0 - 3 6 5 3 .7 5 1.3 1.4 +7.6-8 .2 2 .5 3 .6 2 .8
4 3 6 5 - 4 6 5 5 .7 6 1.1 1.3 +6.9-8 .7 2 .2 3 .5 2 .8
5 4 6 5 - 5 7 5 7 .2 7 0 .9 1 .0 +7.7-7 .7 2 .2 5 .1 2 .8
6 5 7 5 - 7 0 0 9 .6 4 0 .8 0 .8 +7.8-7 .2 2 .1 5 .5 2 .8
7 7 0 0 - 8 4 5 9 .8 3 0 .6 0 .6 +7.6-7 .3 1 .7 4 .5 2 .8
8 8 4 5 - 1 0 0 5 6 .3 1 0 .9 0 .7 +7.6-7 .4 1.4 3 .7 2 .8
9 1 0 0 5 -1 1 9 5 3 .9 9 1.0 0 .7 +7.6-7 .6 1.3 3 .5 2 .8
10 1 1 9 5 -1 4 1 0 1 .3 7 1.6 0 .7 +8.0-7 .7 1.3 3 .9 2 .8
11 1 4 1 0 -1 6 6 5 4 .0 7  x  1 0 - 1 2 .5 0 .6 +8.5-7 .9 1.4 3 .7 2 .8
12 1 6 6 5 -1 9 6 0 1 .0 9  x  1 0 - 1 4 .4 0 .6 +8.8-8 .3 1 .7 3 .4 2 .8
13 1 9 6 0 -5 0 0 0 4 .2 6  x  1 0 - 3 7 .5 0 .7 +8.8-9 .0 1 .9 3 .0 2 .8
Table 41. Measured differential four-jet cross section for R =  0.4 jets, in bins of £pTentral, along
with the uncertainties in the measurement. The events are selected using the inclusive analysis cuts
and Ayïjjax > 2, as well as pTP > 550 GeV. All other details are as for table 4.





B in B in  e d g e s  [G eV ] d f f /d ( £ p T entral) [ fb /G e V ] sstaata [%] sMMat [%] “ JES [%] “ JE R  [%] “ unfold [% ] “ lumi [% ]
1 1 2 0 - 1 9 0 5 .2 5 X 103 0 .7 3 .2 +  10.4 -10 .1 5 .4 8 .0 2 .8
2 1 9 0 -2 8 5 5 .8 5 X 103 0 .4 1.3 +9.7-9 .7 4 .6 6 .5 2 .8
3 2 8 5 -3 8 5 1 .7 7 X 103 0 .7 1.1 +8.8-8 .0 2 .2 4 .5 2 .8
4 3 8 5 - 4 9 0 5.1 x 102 1.0 0 .9 +8.0-6 .4 1.2 3 .4 2 .8
5 4 9 0 - 6 0 5 1 .55 X 102 1.1 0 .8 +7.1-6 .2 1.2 2 .3 2 .8
6 6 0 5 - 7 3 5 4 .7 x 1 0 1 0 .6 0 .9 +7.1-6 .6 1.2 2 .4 2 .8
7 7 3 5 - 8 8 0 1 .45 X 1 0 1 0 .5 0 .8 +7.6-7 .3 1.2 3 .5 2 .8
8 8 8 0 - 1 0 4 0 4 .4 9 0 .9 1 .0 +8.1-7 .8 1.2 3 .6 2 .8
9 1 0 4 0 -1 2 2 5 1 .44 1.4 1.2 +8.6-7 .9 1.2 4 .0 2 .8
10 1 2 2 5 -1 4 3 0 4 .6 9 < 1 0 - 1 2 .9 1.1 +9.1-7 .9 1.2 5 .1 2 .8
11 1 4 3 0 -1 6 5 5 1 .52 < 1 0 - 1 4 .5 1.3 +9.2-8 .6 1.2 4 .5 2 .8
12 1 6 5 5 -1 9 0 5 4 .6 0 < 1 0 - 2 7 .4 1.3 +9.6-8 .9 1.5 4 .5 2 .8
13 1 9 0 5 -5 0 0 0 2 .0 1 < 1 0 - 3 1 0 .7 1.2 +  10.1 -1 0 .7 1 .6 6 .8 2 .8
T a b le  42. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of £pTentral, along 
w ith the  uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts 
and Aymjax >  3. All o ther details are as for tab le  4 .
B in B in  e d g e s  [G e V ] d f f /d ( £ p T entral) [ fb /G e V ] sstata  [%] sMMat [%] “ JES [%] “ JE R  [%] “ unfold [% ] “ lumi [%]
1 1 2 0 - 1 9 0 1 .8 6 X 102 3 .0 2 .4 +9.1-5 .3 2 .0 4 .1 2 .8
2 1 9 0 -2 8 5 3 .5 4 X 102 1.3 1.2 +8.6-7 .0 2 .0 5 .4 2 .8
3 2 8 5 - 3 8 5 4 .2 7 X 102 1.2 1.3 +8.0-7 .4 2 .0 7 .8 2 .8
4 3 8 5 - 4 9 0 3 .7 7 X 102 0 .9 0 .8 +7.7-7 .1 1 .9 5 .2 2 .8
5 4 9 0 - 6 0 5 1 .5 6 X 102 1.1 0 .8 +7.2-6 .6 1.5 2 .8 2 .8
6 6 0 5 - 7 3 5 4 .7 5 X 1 0 1 0 .6 0 .9 +7.2-6 .7 1.4 2 .6 2 .8
7 7 3 5 - 8 8 0 1 .4 6 X 1 0 1 0 .5 0 .8 +7.6-7 .4 1.4 3 .5 2 .8
8 8 8 0 - 1 0 4 0 4 .5 3 0 .9 0 .9 +7.9-8 .0 1.4 3 .6 2 .8
9 1 0 4 0 -1 2 2 5 1 .45 1.4 1.1 +8.6-8 .1 1.4 4 .0 2 .8
10 1 2 2 5 -1 4 3 0 4 .7 3  X 1 0 - 1 2 .9 1.1 +9.3-8 .1 1.4 5 .1 2 .8
11 1 4 3 0 -1 6 5 5 1 .53 1 0 - 1 4 .5 1.3 +9.2-8 .8 1.5 4 .5 2 .8
12 1 6 5 5 -1 9 0 5 4 .6 3  X 1 0 - 2 7 .4 1.3 +9.5-9 .2 1 .9 4 .5 2 .8
13 1 9 0 5 -5 0 0 0 2 .0 2  X 1 0 - 3 1 0 .6 1.2 +9.9-10 .9 2 .1 6 .8 2 .8
T a b le  43. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of £pTentral, along 
w ith the  uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts 
and Aymjax >  3, as well as p^P >  250 GeV. All o ther details are as for tab le  4 .
B in B in  e d g e s  [G eV ] d f f /d ( £ p T entral) [ fb /G e V ] « data [%] «Mat [%] “ JES [% ] “ JE R  [% ] “ unfold [% ] “ lumi [% ]
1 1 2 0 - 1 9 0 3 .8 1 1.6 4 .0 +9.3-9 .8 1.4 3 .6 2 .8
2 1 9 0 -2 8 5 1 .35 X 1 0 1 0 .8 1.5 +8.1-8 .5 1.4 4 .6 2 .8
3 2 8 5 - 3 8 5 2 .1 7 X 1 0 1 0 .6 1.1 +7.0-7 .3 1.4 6 .1 2 .8
4 3 8 5 - 4 9 0 2 .1 2 X 1 0 1 0 .6 1.5 +7.1-6 .9 1.4 7 .9 2 .8
5 4 9 0 - 6 0 5 3 .5 6 X 1 0 1 0 .4 0 .8 +7.3-6 .9 1.4 5 .1 2 .8
6 6 0 5 - 7 3 5 2 .4 6 X 1 0 1 0 .5 0 .8 +6.9-7 .0 1.4 3 .5 2 .8
7 7 3 5 - 8 8 0 1 .32 X 1 0 1 0 .6 0 .9 +7.2-7 .5 1.5 3 .0 2 .8
8 8 8 0 - 1 0 4 0 4 .4 9 0 .9 1 .0 +7.8-7 .9 1 .9 3 .1 2 .8
9 1 0 4 0 -1 2 2 5 1 .43 1.4 1.1 +8.3-8 .0 2 .0 3 .9 2 .8
10 1 2 2 5 -1 4 3 0 4 .6 9 1 0 - 1 2 .9 1.1 +9.2-8 .1 2 .0 5 .1 2 .8
11 1 4 3 0 -1 6 5 5 1 .51  X 1 0 - 1 4 .5 1.3 +9.1-8 .7 2 .0 4 .5 2 .8
12 1 6 5 5 -1 9 0 5 4 .5 9 1 0 - 2 7 .4 1.3 +9.4-9 .1 2 .0 4 .5 2 .8
13 1 9 0 5 -5 0 0 0 2 .0 0 1 0 - 3 1 0 .7 1.2 +9.9-10 .8 1 .7 6 .8 2 .8
Table 44. Measured differential four-jet cross section for R =  0.4 jets, in bins of £pTentral, along
with the uncertainties in the measurement. The events are selected using the inclusive analysis cuts
and Aymjax > 3, as well as pT^ > 400 GeV. All other details are as for table 4.





B in B in  e d g e s  [G e V d f f /d ( £ p T entral) [ fb /G e V ] Ä a [%] $ aC [%] UJES [%] UJER [%] Uunfold [% ] Ulumi [%]
1 1 2 0 - 1 9 0 1 .63 x 1 0 - 1 7 .7 10 .2 +  12.8 -7 .5 5 .6 3 .8 2 .8
2 1 9 0 -2 8 5 4 .7 6 x 1 0 - 1 4 .0 4 .0 +9.6-8 .2 5 .6 3 .8 2 .8
3 2 8 5 -3 8 5 9 .3 9 x 1 0 - 1 2 .6 2 .8 +8.5-8 .8 5 .6 4 .2 2 .8
4 3 8 5 - 4 9 0 1 .7 9 2 .2 2 .8 +8.7-9 .8 5 .5 5 .3 2 .8
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7 7 3 5 - 8 8 0 2 .8 6 1.2 1 .0 +8.3-8 .7 2 .2 6 .1 2 .8
8 8 8 0 - 1 0 4 0 2 .1 0 1.4 1.3 +8.1-8 .0 2.1 3 .8 2 .8
9 1 0 4 0 -1 2 2 5 1 .34 1.4 1.1 +8.1-7 .9 1 .8 3 .7 2 .8
10 1 2 2 5 -1 4 3 0 4 .6 4 x 1 0 - 1 2 .9 1.1 +9.0-8 .0 1 .7 5 .1 2 .8
11 1 4 3 0 -1 6 5 5 1 .5 0 x 1 0 - 1 4 .5 1.3 +9.0-8 .6 1 .7 4 .6 2 .8
12 1 6 5 5 -1 9 0 5 4 .5 4 x 1 0 - 2 7 .4 1.3 +9.3-8 .9 1 .7 4 .5 2 .8
13 1 9 0 5 -5 0 0 0 1 .9 8 x 1 0 - 3 1 0 .7 1.2 +9.7-10 .5 1 .7 6 .8 2 .8
T a b le  45. M easured differential four-jet cross section for R =  0.4 je ts, in bins of £pTentral, along
w ith the  uncertainties in the m easurem ent The events are selected using the inclusive analysis cuts
and Aymjax >  3, as well as pT ^ >  550 GeV. All o ther details are as for tab le  4 .
B in B in  e d g e s  [G eV ] d f f /d ( £ p T entral) [ fb /G e V ] A t a f  [%] [%] UJES [%] UJER [%] Uunfold [% ] “ lumi [% ]
1 1 2 0 - 1 9 0 1 .5 6 x  103 1.1 6 .6 +10.3-8 .7 4 .2 18.1 2 .8
2 1 9 0 -2 8 5 1 .72 x  103 0 .8 2 .7 +  10.1 -8 .8 4 .2 1 1 .0 2 .8
3 2 8 5 - 3 8 5 4 .8 1 x  102 1.3 2 .0 +9.5-8 .7 3 .7 5 .6 2 .8
4 3 8 5 - 4 9 0 1 .2 6 x  102 2.1 2 .2 +8.7-8 .2 2 .4 4 .0 2 .8
5 4 9 0 - 6 0 5 3 .7 2 x  1 0 1 2 .7 1 .7 +6.9-7 .9 1 .9 3 .2 2 .8
6 6 0 5 - 7 3 0 1 .0 9 x  1 0 1 1.8 1 .9 +6.4-7 .8 1 .8 2 .9 2 .8
7 7 3 0 - 8 6 5 3 .1 8 1.1 1 .9 +7.2-8 .3 1 .8 3 .5 2 .8
8 8 6 5 - 1 0 1 0 1 .0 7 2 .0 2 .6 +8.1-9 .8 1 .8 5 .5 2 .8
9 1 0 1 0 -1 1 7 0 3 .4 9 x 1 0 - 1 3 .7 3 .2 +8.9-12 .0 1 .8 5 .9 2 .8
10 1 1 7 0 -1 3 4 0 1 .2 9 x 1 0 - 1 5 .6 3 .6 +9.1-11 .5 1 .8 4 .9 2 .8
11 1 3 4 0 -1 5 2 5 4 .9 9 x 1 0 - 2 9 .8 3 .3 +9.1-11 .1 1 .8 4 .5 2 .8
12 1 5 2 5 -5 0 0 0 1 .25 x 1 0 - 3 1 2 .0 2 .6 +11.7-11 .8 1 .8 4 .5 2 .8
T a b le  46. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of £pTentral, along 
w ith the  uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts 
and Aymjax >  4. All o ther details are as for tab le  4 .
B in B in  e d g e s  [G eV ] d a / d ( £ p T entral) [ fb /G e V ] [%] M̂MaC [%] UJES [% ] UJE R  [% ] Uunfold [% ] Ulumi [% ]
1 1 2 0 - 1 9 0 3 .5 7 x  1 0 1 7 .3 5 .7 +5.6-6 .0 2 .0 5 .4 2 .8
2 1 9 0 -2 8 5 6 .9 1 x  1 0 1 3 .0 2 .8 +7.3-7 .7 2 .0 6 .1 2 .8
3 2 8 5 -3 8 5 9 .8 2 x  1 0 1 3 .1 2 .4 +8.1-8 .5 2 .0 7 .0 2 .8
4 3 8 5 - 4 9 0 9 .0 6 x  1 0 1 2 .0 1 .7 +7.7-8 .2 2 .0 4 .4 2 .8
5 4 9 0 - 6 0 5 3 .7 5 x  1 0 1 2 .6 1 .8 +7.4-8 .1 2 .0 3 .1 2 .8
6 6 0 5 - 7 3 0 1.1 x 1 0 1 1.7 1 .8 +7.8-8 .1 2 .0 3 .5 2 .8
7 7 3 0 - 8 6 5 3. 21 1.1 1 .9 +8.1-9 .1 2 .0 5 .0 2 .8
8 8 6 5 - 1 0 1 0 1. 0 9 2 .0 2 .5 +8.5-10 .2 2 .0 5 .8 2 .8
9 1 0 1 0 -1 1 7 0 3 .5 3  x 1 0 - 1 3 .6 3 .2 +9.2-10 .6 2 .0 6 .5 2 .8
10 1 1 7 0 -1 3 4 0 1 .3 0 1 0 - 1 5 .6 3 .5 +9.4-11 .0 2 .0 6 .3 2 .8
11 1 3 4 0 -1 5 2 5 5 .0 3  x 1 0 - 2 9 .7 3 .3 +9.5-11 .2 2 .0 4 .9 2 .8
12 1 5 2 5 -5 0 0 0 1 .2 7 1 0 - 3 1 1 .9 2 .5 +12.0-12 .1 2 .0 4 .1 2 .8
Table 47. Measured differential four-jet cross section for R =  0.4 jets, in bins of £pTentral, along
with the uncertainties in the measurement. The events are selected using the inclusive analysis cuts
and Ayl|jax > 4, as well as pT^ > 250 GeV. All other details are as for table 4.





B in B in  e d g e s  [G e V d f f /d ( £ p T entral) [ fb /G e V ] Ä a [%] [%] UJES [%] UJER [%] u unfold [% ] « lum i [%]
1 1 2 0 - 1 9 0 2 .9 9 x 1 0 - 1 5 .3 1 3 .9 +9.6-6 .3 2 .3 5 .6 2 .8
2 1 9 0 -2 8 5 1 .53 2 .3 4 .9 +9.7-8 .5 2 .3 5 .6 2 .8
3 2 8 5 -3 8 5 2 .7 2 1.7 3 .5 +9.7-9 .9 2 .3 6 .3 2 .8
4 3 8 5 - 4 9 0 2 .9 2 1.5 4 .3 +9.5-9 .8 2 .3 8 .2 2 .8
5 4 9 0 - 6 0 5 6 .3 6 1.0 1 .7 +8.6-8 .9 2 .3 7 .9 2 .8
6 6 0 5 - 7 3 0 4 .8 4 1.1 1 .9 +7.8-8 .6 2 .3 4 .9 2 .8
7 7 3 0 - 8 6 5 2 .8 0 1.2 1 .8 +7.9-8 .9 2 .3 3 .7 2 .8
8 8 6 5 - 1 0 1 0 1 .0 8 2 .0 2 .6 +9.1-9 .7 2 .3 4 .2 2 .8
9
10
1 0 1 0 -1 1 7 0
1 1 7 0 -1 3 4 0
3 .4 9
1 .2 9
x 1 0 - 1  















11 1 3 4 0 -1 5 2 5 4 .9 9 x 1 0 - 2 9 .8 3 .3 +9.4-1 1 .7 2 .3 4 .9 2 .8
12 1 5 2 5 -5 0 0 0 1 .25 x 1 0 - 3 1 2 .0 2 .5 +11.112.7 2 .3 4 .1 2 .8
T a b le  48. M easured differential four-jet cross section for R =  0.4 je ts, in bins of EpÇ3ntral, along
w ith the  uncertainties in the m easurem ent The events are selected using the inclusive analysis cuts
and A y Ę ax > 4, as well as p y / >  400 GeV. All o ther details are as for tab le  4 .
B in B in  e d g e s  [G eV ] d f f /d ( £ p T entral) [ fb /G e V ] Ä a [%] [%] UJES [%] UJER [%] u unfold [% ] « lum i [%]
1 1 2 0 -1 9 0 4 .0 2 x 1 0 - 4 1 0 3 .7 1 4 1 .7 +  13.0 -18 .5 3 .2 4 .8 2 .8
2 1 9 0 -2 8 5 1 .92 x 1 0 - 2 2 0 .4 3 0 .3 +14.8-18 .6 3 .2 1 7 .8 2 .8
3
4
2 8 5 -3 8 5
3 8 5 - 4 9 0
4 .8 0
1 .51
x 1 0 - 2  





+  16.1 











4 9 0 - 6 0 5
6 0 5 - 7 3 0
1 .42
3 .5 3
x 1 0 - 1  















7 7 3 0 - 8 6 5 3 .5 5 x 1 0 - 1 3 .8 2 .7 +10.2-11 .1 3 .2 1 0 .7 2 .8
8 8 6 5 - 1 0 1 0 3 .7 5 x 1 0 - 1 2 .9 3 .4 +9.6-11 .2 3 .2 6 .6 2 .8
9 1 0 1 0 -1 1 7 0 3 .0 3 x 1 0 - 1 4 .0 3 .1 +9.6-11 .5 3 .2 5 .0 2 .8
10 1 1 7 0 -1 3 4 0 1 .2 8 x 1 0 - 1 5 .6 3 .5 +9.7-1 1 .7 3 .2 4 .9 2 .8
11
12
1 3 4 0 -1 5 2 5
1 5 2 5 -5 0 0 0
4 .9 5
1 .24
x 1 0 - 2  















T a b le  49. M easured differential four-jet cross section for R  =  0.4 je ts, in bins of EpTentral, along 
w ith the  uncertainties in the m easurem ent. The events are selected using the inclusive analysis cuts 
and Aymjax >  4, as well as p^P >  550 GeV. All o ther details are as for tab le  4 .
O p en  A ccess. T h is  a rtic le  is d is tr ib u te d  u n d e r  th e  te rm s  o f th e  C re a tiv e  C om m ons 
A ttr ib u t io n  L icense (C C -B Y  4 .0 ) , w h ich  p e rm its  an y  use, d is tr ib u tio n  a n d  re p ro d u c tio n  in  
an y  m ed iu m , p ro v id ed  th e  o rig in a l a u th o r(s )  a n d  sou rce  a re  c re d ite d .
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